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Abstract
Viruses are ubiquitous, diverse, and extremely successful. Through metagenomic sequencing of global
virus populations, many new viruses have been discovered. In particular, a great diversity of yetundiscovered circular, Rep-encoding single-stranded (CRESS) DNA viruses has become apparent,
underscoring the need for techniques and studies in this area. In this study, we describe two software
packages, Sunbeam and grabseqs, that enable robust and extensible analysis of next-generation
sequencing data, crucial for virus discovery. Using these tools, we discovered and characterized
Redondoviridae, a new family of CRESS DNA viruses present in the human oro-respiratory tract. After
initially discovering redondoviruses in respiratory samples from human lung transplant recipients, we
screened 7000+ metagenomic samples representing different body sites, organisms, and environments.
Redondoviruses were only identified in humans and were mostly found in oral and respiratory tract
samples. Two species of redondovirus, Brisavirus and Vientovirus were identified. We found higher levels
of redondoviruses in subjects with periodontitis or critical illness compared to healthy individuals. Next, to
define the global prevalence of redondoviruses, we screened saliva samples from the US and multiple
non-industrialized populations in Africa, identifying significantly higher redondovirus prevalence in
samples from African participants. To define intra-individual redondovirus diversity over time, we
sequenced single redondovirus genomes from longitudinally-sampled individuals, and found subjects
positive for multiple redondovirus genotypes which persisted up to two years in some cases. Finally, we
identified hotspots of recombination in intergenic regions of the redondovirus genome and demonstrated
biochemical evidence supporting a role for Rep in redondoviral recombination. Overall, the work described
here outlines the discovery, prevalence, and evolutionary mechanisms of the new Redondoviridae family,
advancing our knowledge of human respiratory viral communities.
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ABSTRACT
Louis Taylor
Frederic Bushman
Viruses are ubiquitous, diverse, and extremely successful. Through metagenomic
sequencing of global virus populations, many new viruses have been discovered. In
particular, a great diversity of yet-undiscovered circular, Rep-encoding single-stranded
(CRESS) DNA viruses has become apparent, underscoring the need for techniques and
studies in this area. In this study, we describe two software packages, Sunbeam and
grabseqs, that enable robust and extensible analysis of next-generation sequencing data,
crucial for virus discovery. Using these tools, we discovered and characterized
Redondoviridae, a new family of CRESS DNA viruses present in the human oro-respiratory
tract. After initially discovering redondoviruses in respiratory samples from human lung
transplant recipients, we screened 7000+ metagenomic samples representing different
body sites, organisms, and environments. Redondoviruses were only identified in humans
and were mostly found in oral and respiratory tract samples. Two species of redondovirus,
Brisavirus and Vientovirus were identified. We found higher levels of redondoviruses in
subjects with periodontitis or critical illness compared to healthy individuals. Next, to
define the global prevalence of redondoviruses, we screened saliva samples from the US and
multiple non-industrialized populations in Africa, identifying significantly higher
redondovirus prevalence in samples from African participants. To define intra-individual
redondovirus diversity over time, we sequenced single redondovirus genomes from
longitudinally-sampled individuals, and found subjects positive for multiple redondovirus
genotypes which persisted up to two years in some cases. Finally, we identified hotspots of
recombination in intergenic regions of the redondovirus genome and demonstrated
iii

biochemical evidence supporting a role for Rep in redondoviral recombination. Overall, the
work described here outlines the discovery, prevalence, and evolutionary mechanisms of
the new Redondoviridae family, advancing our knowledge of human respiratory viral
communities.
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CHAPTER 1
INTRODUCTION
THE GLOBAL VIROME
Viruses are diverse, ubiquitous, and extremely successful. Viruses infect all forms of
cellular life, from bacteria and fungi to plants and animals. Despite their small physical and
genomic size relative to their hosts, they are capable of evading anti-pathogen defenses,
evolving rapidly, and hijacking cellular physiology to promote their own replication, often
resulting in the death of the host cell. Despite their small physical and genomic size relative
to their hosts, viruses are capable of hijacking cellular processes to promote their own
replication, evading anti-pathogen defenses and evolving rapidly to jump to a new host.
Viruses can be benign, unnoticed passengers or cause death of the host cell. They can cause
mild disease or global pandemics. As such, it is important to understand the global
virome

the total community of viruses on the planet.

Recently, next-generation sequencing (NGS) approaches to study the virome of diverse
environments and organisms has revealed how poorly characterized viruses are globally.
When sequencing virome samples from particular organism or environment, 40-90% of the
data cannot be assigned to any previously identified virus in sequence databases1,2. These
un-

d have facilitated

the discovery of many new viruses and groups of viruses3 5.
Discovering new viruses is important for numerous reasons. Screening for viruses
capable of causing pandemics in humans or other species can inform surveillance and
1

preparation efforts6,7. Viruses are often used as tools in research labs or in the clinic

for

example, retroviruses and adeno-associated viruses are used as gene therapy vectors8.
Discovering new viruses could enable new therapeutics, either by facilitating access to a
different compartment or cell type through viral tropism, or by evading pre-existing
immunity to an established viral vector. Bacteriophage, viruses that infect bacteria, have
9.

Effective phage therapy requires either a large library of phage isolates or a detailed
knowledge of phage-encoded bactericidal mechanisms, or both a more thorough
characterization of the global virome furthers both of these goals. Viral proteins are also
frequently used as tools, such as the retroviral reverse transcriptase which is used as both a
laboratory and clinical reagent. Viruses are master manipulators of host cell physiology and
metabolism, so the discovery and characterization of divergent viruses and their
mechanisms of proliferation will likely provide additional insight into the biology of their
hosts. Finally, while viruses are frequently thought of as detrimental or neutral to their host,
some viruses may have a beneficial role, either by occupying a niche and excluding a more
pathogenic virus, or through direct modulation of the host immune system10,11. Thus,
rigorously defining and characterizing the global virome will advance many, diverse aspects
of science and health.

STUDYING GLOBAL VIRAL DIVERSITY THROUGH
METAGENOMICS
Shotgun metagenomic sequencing is a powerful tool for studying global viral
communities and discovering new viruses. Viruses exhibit extreme sequence diversity and
lack a universally conserved gene, hampering amplicon-based methods of viral
2

identification. Although viral genomes can consist of DNA or RNA, NGS can detect either or
both of these genomic nucleic acids. Additionally, shotgun sequencing is largely unbiased,
obviating the need to have a particular virus or type of virus in mind when performing an
exploratory sequencing experiment. The unbiased nature of NGS is crucial for virus
discovery, given that only a small fraction of global viral diversity has been incorporated
into genomic sequence databases1 3.

NEXT-GENERATION SEQUENCING OF VIRUSES
Although viruses are ubiquitous and numerous, they are not always easy to sequence.
As they are obligate intracellular pathogens, viruses hijack cellular machinery to proliferate.
Gratuitous use of cellular machinery enables viruses to have small genome sizes

for

example, circovirus genomes are less than 2000 nucleobases in length! These small
genomes increase the difficulty of viral genome sequencing, as the genomes of cellular
organisms are much larger. For example, if we sequenced DNA extracted from a tube
containing equal numbers of circoviruses (~2kb genome) and a common laboratory strain
of

(~4.5Mb genome), only 0.044% (or 1 in every ~2300) of sequence reads would

originate from the circoviral DNA, requiring deeper sequencing and more financial
investment to completely sequence a small viral genome. Thus, an enrichment strategy is
often required to efficiently sequence virus-derived nucleic acids in the context of complex
microbial communities.
Shotgun sequencing can be performed on a variety of sample types including
supernatants from cell culture, tissue samples or swabs from various organisms or body
sites, and environmental samples. Many sample types contain overwhelming amounts of
non-viral DNA from cellular sources, like bacteria or fungi, or host DNA for host-associated
3

samples. Viral enrichment biases sequencing effort towards viral nucleic acids, reducing
sequencing costs and enabling deeper sequencing. Common enrichment methods include
ultracentrifugation-based purification of virus-like particles; sample filtering to remove
cells and other large debris; treating the sample with nucleases to deplete nucleic acids not
protected by a viral capsid

this is often preceded by treatment with a mild detergent to

destabilize cellular membranes, thus removing a substantial amount of cellular and other
unprotected DNA. While these methods effectively enrich for viral nucleic acid when used
separately or together; these methods can have drawbacks. For example, filters with small
pore sizes aiming to filter bacterial cells may also exclude large viruses 12. While detergent
treatment effectively sensitizes cellular nucleic acids to depletion by nucleases, only nonenveloped, encapsidated viral nucleic acids are enriched using this technique

enveloped

viral nucleic acids are also sensitized upon detergent treatment. Thus, it is important to plan
viral enrichment strategies with an understanding of the pitfalls of the chosen viral
enrichment method(s). Additionally, it is important to understand the effectiveness of viral
enrichment this can be queried either before sequencing by qPCR or after sequencing
using computational approaches13. After enrichment, the viral nucleic acids can be purified
from the enriched sample. If RNA viruses are being targeted for sequencing, a reverse
transcription step must be performed prior to library preparation.
These methods of viral enrichment increase the ratio of viral to non-viral nucleic acid
in the samples, but if a sample contains low absolute quantities of viral nucleic acids, a
further amplification step may be necessary to ensure sufficient quantity of DNA is available
for sequencing. Commonly, the Phi29 DNA polymerase is used to perform a reaction known
as multiple displacement amplification (MDA). Phi29 synthesizes DNA in this reaction by
priming off of random primers that anneal to the single-stranded DNA (ssDNA) template, in
4

this case the extracted sample DNA. Phi29 DNA polymerase is used because it is highly
processive, accurate, and has active strand-displacement activity. That is, when Phi29
polymerase encounters a region of double-stranded DNA, it displaces the second strand in
order to continue DNA synthesis, allowing efficient, isothermal amplification. The use of
random primers avoids priming bias by Phi29 polymerase. However, MDA biases towards
the amplification of small, circular templates, as the processive polymerase repeatedly
displaces the strand it has synthesized during rolling circle replication. This can be
beneficial if small circular viruses are of particular interest, but it hampers quantitative
comparisons of abundance among viruses within and between samples.

CONTAMINATION CONCERNS
While the unbiased, catch-all nature of NGS is crucial for virus discovery in general,
care must be taken during experimental design and sample processing to avoid false
discoveries. As viruses are ubiquitous, artefacts can arise in unexpected ways, including
from sample cross-contamination, viruses or viral nucleic acids present in reagents, or
bioinformatic mis-annotation of non-viral sequences as viral14

16.

Contamination is

especially problematic if a post-extraction amplification step like MDA is being performed.
For example, silica gel used in nucleic acid purification columns can retain fragmented or
even complete viral genomes17. Other unexpected contamination sources can arise during
laboratory manipulation of cell lines18, as many laboratory cell lines are persistently
infected with viruses19,20. Most of these contamination sources can be mitigated by careful
experimental design, including controls from every step of the sample collection and
processing workflow that are sequenced alongside the experimental samples14,16,21.
Additionally, bioinformatics approaches can mitigate contamination by identifying likely
5

contaminants22, or reducing spurious hits to viral genomes by subtracting host reads and
filtering out low-complexity sequences23,24.

ANALYZING NGS DATA
Although NGS is well-suited for pathogen identification, downstream data processing,
analysis, and interpretation can be much more difficult than standard clinical assays. The
human body is host to complex microbial communities that differ not only between body
site but also between individuals25,26. Thus, most samples sequenced during clinical
diagnosis consist of microbial DNA from a variety of sources

normal microbiome,

pathogen, and environmental contaminants (not to mention host DNA)27,28. Identifying the
pathogenic microbe from the complex mixture of microbial DNA can be difficult, especially
if multiple potential pathogens are present.
Multiple pipelines have been developed to analyze the large quantities of data
generated by high-throughput sequencing24,27,29,30. These pipelines incorporate multiple,
often open-source, software tools to perform a variety of analytical steps, including: preprocessing and quality control of input data; filtering out host sequences; and identifying
microbes or specific microbial features present in a particular sample. An ideal analysis
pipeline would be scalable, reproducible, and extensible. A scalable pipeline can be run
efficiently regardless of the number of samples being processed. Reproducibility is a multifaceted concept in pipelines

at minimum, interested readers of a metagenomics paper

should be able to run a pipeline using the same settings and software versions, and obtain
the exact same results as originally reported. An extensible pipeline can be configured by
the user to run different analytical tools on the same sample to query the robustness of the
conclusions gleaned by a particular tool. As most research groups use different approaches
6

for data analysis and visualization, an ideal pipeline would be extensible in a way that
preserves the reproducibility aspect of the pipeline

e.g. a pipeline extension that can be

used for future analyses by the same group, or run by an external user to reproduce existing
results.
Open data is central to external replication and validation of experimental results. For
NGS data, multiple repositories including the National Center for Biotechnology Information
31,

and the European Nucleotide Archive (ENA) from

the European Bioinformatics Institute, have standardized the process of depositing and
accessing external data. Public, standardized sequence data is a boon to reproducibility and
data reuse interested parties access the archived data to reproduce reported results with
their own hands. Open data also facilitates novel research. For example, a group which
discovered a new virus could perform a large-scale computational screen for sequences
matching that new virus without having to expend considerable time and money on sample
collection and sequencing. Thus, an ideal metagenomics analysis pipeline would also permit
analysis of data from public repositories. Such a pipeline is described in Chapter 3.

CRESS VIRUSES: CHARACTERISTICS, REPLICATION, &
PATHOGENESIS
Advances in metagenomic sequencing have expanded our knowledge of many different
groups of viruses. Metagenomic sequencing has enabled the discovery of a vast array of
circular, Rep-encoding single stranded (CRESS) DNA viruses in diverse organisms and
environments3. Part of this expansion can be attributed to the methods used in viral
metagenomics studies like MDA, which can bias sequencing effort towards small, circular
DNAs32 as well as the small genome size typical of CRESS viruses. However, as with other
7

microorganisms detected through metagenomics, it can be difficult to assign a definitive
role in health or disease for these new viruses.

ANATOMY OF A CRESS VIRUS
CRESS virus genomes are small; most are shorter than 6kb33. Some CRESS viruses, like
nanoviruses, have segmented genomes, encoding different proteins on multiple circular
DNA molecules34. The defining feature of CRESS viruses is that they encode a replicationassociated (Rep) protein. Rep coordinates replication of the circular, single-stranded DNA
viral genome. In addition to Rep, CRESS viruses generally encode a capsid (Cp) protein,
which packages and protects the genome during transmission between cells. The final
feature conserved across CRESS viruses is a DNA stem loop that is recognized and cleaved
by Rep to initiate viral replication. The stem loop sequence is not universally conserved, but
the structure is generally similar across CRESS virus families35,36. CRESS viruses do encode
other proteins many of these are conserved within, but not necessarily between, viral
families. These proteins often perform host-specific functions like facilitating movement
between plant cells37 or perturbing host cell metabolism or defenses to facilitate viral
replication38. As these functions are usually specific to a given host or group of hosts, these
proteins are not conserved globally, since CRESS viruses infect a broad array of cellular life
from prokaryotes to multicellular eukaryotes.

REP PROTEINS ORCHESTRATE VIRAL REPLICATION
Found in viruses, plasmids, and transposable DNA elements like the Helitron
transposon39

41,

Rep proteins drive replication of diverse mobile DNAs. As many of these

elements are very short41, resulting in limited capacity for encoding multiple proteins, Rep
8

proteins are often multifunctional. Rep proteins specifically bind DNA sequences near the
replication origin42,43. Central to the function of the Rep protein is the presence of an HUH
(U signifies a hydrophobic residue) endonuclease domain which participates in the nicking
and joining of DNA ends through the activity of a catalytic tyrosine residue34,40,44,45. An ATPdependent helicase domain is also characteristic of viral Rep proteins46,47. This helicase
domain is involved in the melting of the replication origin48 and can also play a role in
packaging the viral genome into capsids49. Rep proteins often form multimeric complexes
that can include alternatively spliced forms of Rep49,50.
Generally, Rep proteins initiate a process known as rolling circle replication (RCR). Rep
initiates RCR by nicking at a conserved structural element, often a stem loop. For many
families of CRESS virus, this nicking occurs at a conserved sequence within the loop portion
of the stem loop origin of replication51,52. Although Rep is multifunctional, it does not act as
a polymerase DNA replication is carried out by the polymerase and replication machinery
of the host cell. After DNA replication completes, Rep performs a joining reaction, which
liberates a covalently closed, ssDNA circle50. This covalently closed, circular product can
then be packaged into capsids, or continue undergoing rounds of rolling circle replication.
Rep-encoding viruses infect a variety of organisms including bacteria, single-celled
eukaryotes, animals, and plants. Members of the Microviridae bacteriophage family infect
enterobacteria; viruses in the

family infect monocellular eukaryotes.

Members of the Nanoviridae and Geminiviridae families are pathogenic in plants. The
Circoviridae family includes pathogens of birds and swine, notably porcine circovirus-2,
which is an agricultural pathogen and is routinely vaccinated against. With the advent of
metagenomic sequencing for virus discovery, multiple other CRESS virus families have been
discovered. These include Smacoviridae4, which may infect archaea53 and Genomoviridae, of
9

which one cultivated member infects fungi54,55. In addition to these new families, many
CRESS viruses have been discovered using metagenomics that do not fall within any existing
viral families3,56. However, without a method for culturing or otherwise studying new
viruses

, it is difficult to understand the biology or define concrete roles for these

viruses in disease.

MOTIVATION FOR THIS THESIS
The work described in this thesis builds off of research performed in the Bushman and
Collman labs defining the dynamics of the lung virome during lung transplantation57

59,

which resulted in the discovery of a new order of human viruses. During the course of work
on the lung virome, we identified reads mapping to a small region of a CRESS virus
annotated as a circovirus in two distinct lung samples. As CRESS viruses have not been
reported to replicate in humans, as well as the fact that circoviruses are pathogenic in
animals, we were interested in following this lead and further characterizing these newly
discovered CRESS viruses, which were later named the Redondoviridae family. More
recently the International Committee on Taxonomy of Viruses placed this group in its own
order, the Recrevirales56. The goals of this thesis are as follows:

Chapters 2 and 3 describe the development of the grabseqs tool for simplifying access
to public metagenomic data (Chapter 2), as well as the Sunbeam pipeline for analyzing
metagenomic sequencing data (Chapter 3). To facilitate the goal of virus discovery through
metagenomic sequencing and analysis, we developed grabseqs, to enable screening of
public metagenomic data from multiple sequence repositories. We developed the Sunbeam
10

pipeline because no existing bioinformatics pipeline met our requirements for robustness,
reproducibility, and extensibility. The Sunbeam pipeline promotes robustness and
modularity through its use of the Snakemake workflow engine60

users can request to run

only the analyses they require and the pipeline can re-start where it left off in the event of a
crash or other interruption. The use of the Anaconda package manager61 promotes
reproducibility, as defined versions of each tool are installed with each Sunbeam version,
facilitating re-analysis using an older version of the software if necessary. Sunbeam can
work directly on data from NCBI SRA, facilitating reanalysis of existing datasets. Finally, we
developed an extension framework enabling users to extend the pipeline with custom
analyses, and to install extensions written by the dev team or by other users. The extensions
integrate seamlessly into the pipeline and allow for running the same custom analyses over
different datasets. In summary, Sunbeam facilitates robust and reproducible data analysis.
Redondoviridae
Chapter 4 describes the discovery and initial characterization of the Redondoviridae
family. After initially detecting two similar CRESS virus genomes in two lung transplant
recipients, we sequenced multiple additional genomes from in-house samples and
determined that these genomes represented a new viral family, Redondoviridae. To define
the presence of redondoviruses in different organisms and environments, we performed a
large-scale computational scan of more than 7000 metagenomic samples from a diverse
array of body sites, organisms, environmental samples, and negative controls. We only
identified redondoviruses in humans, most frequently in the oro-respiratory tract. We
analyzed the abundance of redondoviral reads in periodontal disease and found more
redondovirus reads in subjects with periodontal disease using NGS data from three
11

separate studies. We also performed a qPCR screen on respiratory samples from critically ill
patients and found higher levels of redondovirus in critically ill patients compared to
healthy controls. In summary, we identified Redondoviridae, a new family of CRESS DNA
viruses found most commonly in the human oro-respiratory tract and elevated in multiple
disease states.

In Chapter 5, we explore the diversity and evolution of redondoviruses on multiple

ranged between 2-15%62,63, but these figures are exclusively from industrialized
populations, and mostly in the US. To better define global redondovirus prevalence we
screened saliva samples from multiple non-industrialized populations from four countries
in sub-Saharan Africa. Redondovirus positivity rates were substantially higher (61-82%) in
African populations than previously reported rates. We sequenced redondovirus genomes
from a subset of these individuals, which fell within the two previously established
redondovirus species. To define the dynamics of redondovirus infection over time, we
performed limiting-dilution single-genome sequencing longitudinally in two subjects. We
found that subjects were positive for multiple genotypes of redondovirus at a single
timepoint, and that these genotypes often persisted over time

up to two years in one

individual. In analyzing the genomes from these and other subjects, we identified signatures
suggestive of recombination. We computationally predicted ancestral recombination events
in redondovirus genomes and identified a hotspot for recombination near the predicted site
of Rep nicking. Using biochemical assays, we show that Rep performs a DNA nicking
reaction near the recombination hotspot, forms a covalent protein-DNA intermediate, and is
12

capable of joining the covalently bound DNA end to a newly introduced DNA fragment,
supporting a role for Rep in mediating recombination. In summary, we demonstrate that
redondoviruses are globally distributed and highly prevalent in multiple non-industrialized
sub-Saharan African populations, identify multi-strain redondovirus infection and
longitudinal persistence of redondovirus up to two years, and provide biochemical evidence
supporting a role for Rep in redondovirus evolution by recombination.
Overall, this thesis describes the discovery of the

family and initial

studies of redondovirus prevalence, genomics, and biology, as well as describing the
development of the Sunbeam metagenomics pipeline, which facilitated the study of
redondoviruses through metagenomic sequencing. The work described here and the
reagents generated during this work will facilitate the study of redondovirus biology and
potential roles in disease in the future. Additionally, we describe the development of two
software tools Sunbeam and grabseqs

which are broadly useful for analyzing data from

metagenomic sequencing experiments.
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CHAPTER 2
GRABSEQS: SIMPLE DOWNLOADING OF
READS AND METADATA FROM MULTIPLE
NEXT-GENERATION SEQUENCING DATA
REPOSITORIES

The contents of this chapter have been previously published as:
Taylor LJ, Abbas A, Bushman FD. grabseqs: simple downloading of reads and
metadata from multiple next-generatio
Bioinformatics. 2020;36:3607 9.
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ABSTRACT
Summary: High-throughput sequencing is a powerful technique for addressing
biological questions. Grabseqs streamlines access to publicly available metagenomic data by
providing a single, easy-to-use interface to download data and metadata from multiple
repositories including the Sequence Read Archive (SRA), the Metagenomics Rapid
Annotation through Subsystems Technology (MG-RAST) server, and iMicrobe. Users can
download data and metadata in a standardized format from any number of samples or
projects from a given repository with a single grabseqs command.
Availability: Grabseqs is an open-source tool implemented in Python and licensed
under the MIT License. The source code is freely available from
https://github.com/louiejtaylor/grabseqs, the Python Package Index (PyPI), and Anaconda
Cloud repository.
Contact: bushman@pennmedicine.upenn.edu.

INTRODUCTION
Next-generation sequencing (NGS) is a powerful technique used to analyze nucleic acid
sequences. Applications of NGS include single organism genome sequencing and assembly,
metagenomic sequencing to profile complex microbial communities, RNA sequencing to
characterize gene expression, and single-cell sequencing technologies which enable analysis
of genomic and transcriptomic variation in single cells. The development of new analysis
tools for working with large datasets as well as decreasing costs have driven the adoption of
NGS in diverse contexts, including surveillance for emerging zoonotic pathogens 64, profiling
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the genomic and epigenomic landscape65, clinical diagnoses of infectious disease27, and
tracking the safety and efficacy of gene therapies in humans66.
In addition to its usefulness as a primary data source, NGS data is valuable for
secondary analysis. Many studies have used publically available sequence data to discover
novel, highly divergent microorganisms62,67

69.,

Another study predicted cell function

through massive re-use of single-cell RNAseq data70. Public availability of metagenomic data
also facilitates reproducibility new techniques can be benchmarked against existing,
published data. This is exemplified in a recent study uncovering bacterial sequence
contamination in virus-enriched metagenomes13.
Multiple repositories enable public access to NGS data. The National Center for
Biotechnology Information (NCBI) hosts the Sequence Read Archive (SRA), a repository
containing multiple classes of next-generation sequencing data31. Sequence data archived in
the European Nucleotide Archive is also available through the SRA71. Other repositories
include the Metagenomics Rapid Annotation through Subsystems Technology (MG-RAST)
server29, and iMicrobe72. While these web-based tools facilitate data discovery by
simplifying user interaction with study metadata, currently each repository is only
accessible through different interfaces. To access data, repository-specific command-line
tools such as sra-tools or pysradb must be used31,73, or data must be downloaded from the
web or an FTP site, such as the Galaxy platform74. Some software, including the bowtie2
aligner 75 and the Sunbeam metagenomics pipeline24, support direct analysis of data from
certain repositories. However, no tool yet exists to easily access both raw data and metadata
from multiple sources.
Here we introduce grabseqs, a single command-line utility to facilitate downloading
next-generation sequencing data and descriptive metadata from SRA, MG-RAST, and
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iMicrobe. Data and metadata downloaded by grabseqs are in the same format regardless of
repository of origin, streamlining downstream analysis and processing. Our goal in
developing grabseqs was to simplify access to sequencing data and promote reproducibility.
A comparison between grabseqs and other tools for downloading NGS reads from major
repositories is shown in Table 2.1.

IMPLEMENTATION & USAGE
Grabseqs is implemented in Python. The package is divided into four modules

one per

repository for downloading reads, and one module (utils) implementing functions used
across multiple repositories. A diagram of the grabseqs architecture is shown in Figure 2.1.
We also provide a repository module template and a step-by-step example of its use
(Supplementary File 2.1) to facilitate adding support for different repositories. Grabseqs
updates are released on an as-needed basis. Version numbers for grabseqs follow semantic
versioning practices (https://semver.org/spec/v2.0.0.htm). Grabseqs is continuously
integration tested with CircleCI (https://circleci.com/).
Grabseqs can be installed through Conda (www.anaconda.org) or the Python Package
Index (PyPI) (https://pypi.org/) and is compatible with most modern MacOS and Linux
distributions. Specifically, grabseqs has been tested on MacOS 10.14, and the following
Linux operating systems: CentOS 6, 7, and 8; Debian 9 and 10; Ubuntu 16.04, 18.04, and
19.10; Red Hat Enterprise 6, 7, and 8; and SUSE Enterprise 12 and 15. Installation through
Conda is recommended, as all software dependencies are automatically installed together
with grabseqs. Installation through PyPI automatically installs all required Python
packages. Accessing data from all repositories requires Python 3, and file compression
software (either pigz or gzip). Some dependencies are repository-specific: downloading
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from NCBI SRA requires sra-tools31; accessing MG-RAST requires wget
(https://www.gnu.org/software/wget/) and the Python requests package
(https://requests.readthedocs.io/en/master/); iMicrobe downloads use wget and requestshtml (https://requests-html.kennethreitz.org/). Repository-specific dependencies are only
required when accessing that repository

for example, grabseqs can download from MG-

RAST without needing sra-tools to be installed. At runtime, grabseqs checks whether
software dependencies are installed and alerts the user of missing dependencies.
Data from each repository are accessible through the `grabseqs` command-line
program. The target repository is specified through subcommands, i.e. `grabseqs sra` for
SRA data or `grabseqs mgrast` for MG-RAST data. The user can specify one or more project
or sample accession numbers, and grabseqs will download reads for all samples associated
with a given project accession number, and/or reads for all provided sample accession
numbers. Reads are stored as gzipped FASTQ files; metadata is formatted as comma-

added after the sample accession number and before the .fastq.gz extension.
A number of command-line options facilitate data processing and downstream analysis.
For all repositories, the `-l` (list) option outputs a list of the files that will be created for the
supplied accession number(s), without actually downloading the reads. The `-m` flag saves
sample metadata in a comma-separated format. The `-t` option enables multithreaded
downloading and compression. We also include multiple repository-specific commands
such as the option to use fastq-dump (instead of fasterq-dump) for SRA downloads and
passing additional arguments to sra-tools for customization of the format of downloaded
reads. The grabseqs GitHub repository (https://github.com/louiejtaylor/grabseqs) includes
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documentation of all command-line options, usage examples, and tips for downloading data
from each repository.

CONCLUSIONS
Grabseqs is a lightweight tool for downloading reads from multiple NGS data
repositories. Grabseqs provides a single interface for accessing data and repositoryassociated metadata in a standardized format from NCBI SRA31, iMicrobe72, and MG-RAST29.
Grabseqs is available through Anaconda Cloud, the Python Package Index, and on GitHub as
an open source package under the MIT license.
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This diagram shows the architecture of grabseqs. A command-line interface enables the
user to access data and metadata from three databases

SRA, iMicrobe, and MG-RAST.
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interface), GUI (graphical user interface); API (application programming interface). 1Data
are optionally available in SRA format. 2Data available from the MG-RAST API may be in
different formats including FASTA and FASTQ.
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CHAPTER 3
SUNBEAM: AN EXTENSIBLE PIPELINE FOR
ANALYZING METAGENOMIC SEQUENCING
EXPERIMENTS

The contents of this chapter have been previously published as:
EL Clarke*, LJ Taylor*, C Zhao*, A Connell, J Lee, B Fett, FD Bushman, K Bittinger.
Sunbeam: an extensible pipeline for analyzing metagenomic sequencing
Microbiome (2019).
*these authors contributed equally
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ABSTRACT
Analysis of mixed microbial communities using metagenomic sequencing
experiments requires multiple preprocessing and analytical steps to interpret the microbial
and genetic composition of samples. Analytical steps include quality control, adapter
trimming, host decontamination, metagenomic classification, read assembly, and alignment
to reference genomes.
We present a modular and user-extensible pipeline called Sunbeam that
performs these steps in a consistent and reproducible fashion. It can be installed in a single
step, does not require administrative access to the host computer system, and can work
with most cluster computing frameworks. We also introduce Komplexity, a software tool to
eliminate potentially problematic, low-complexity nucleotide sequences from metagenomic
data. A unique component of the Sunbeam pipeline is an easy-to-use extension framework
that enables users to add custom processing or analysis steps directly to the workflow. The
pipeline and its extension framework are well documented, in routine use, and regularly
updated.
Sunbeam provides a foundation to build more in-depth analyses and to
enable comparisons in metagenomic sequencing experiments by removing problematic low
complexity reads and standardizing post-processing and analytical steps. Sunbeam is
written in Python using the Snakemake workflow management software and is freely
available at github.com/sunbeam-labs/sunbeam under the GPLv3.

KEYWORDS
Sunbeam; shotgun metagenomic sequencing; software; pipeline; quality control
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BACKGROUND
Metagenomic shotgun sequencing involves isolating DNA from a mixed microbial
community of interest, then sequencing deeply into DNAs drawn randomly from the
mixture. This is in contrast to marker gene sequencing (e.g., the 16S rRNA gene of bacteria),
where a specific target gene region is amplified and sequenced. Metagenomic sequencing
has enabled critical insights in microbiology25,76
bacteriophage communities58,84

88.

83,

especially in the study of virus and

However, an ongoing challenge is analyzing and

interpreting the resulting large datasets in a standard and reliable fashion14,15,28,89

93.

A common practice to investigate microbial metagenomes is to use Illumina sequencing
technology to obtain a large number of short (100-250 base pair) reads from fragmented
DNA isolated from a sample of interest. After sequence acquisition, several post-processing
steps must be carried out before the sequences can be used to gain insight into the
underlying biology28,94.
Researchers have many tools at their disposal for accomplishing each post-processing
step and will frequently encounter multiple parameters in each tool that can change the
resulting output and downstream analysis. Varying parameters, tools, or reference database
versions between analyses makes it challenging to compare the results of different
metagenomic sequencing experiments95. Conversely, employing a consistent workflow
across studies ensures that experiments are comparable and that the downstream analysis
is reproducible, as emphasized in28. Documentation of software, databases and parameters
used is an essential element of this practice; otherwise, the benefits of consistent and
reproducible workflows are lost.
A metagenomic post-processing workflow should have the following qualities to
maximize its utility and flexibility: it should be deployable on shared computing systems
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and in the cloud; it should allow simple configuration of software parameters and reference
databases; it should provide error handling and the ability to resume after interruptions; it
should be modular so that unnecessary steps can be skipped or ignored, and it should allow
new procedures to be added by the user. The ability to deploy the workflow on both
institutional and cloud platforms enables workflows to be repeated in different labs with
different computing setups and provides flexibility for researchers to choose between
computing resources at the institution or in the cloud. Similarly, the ability to record
running parameters through the use of configuration files allows for the use of experimentspecific software parameters and serves as documentation for future reference.
Several features contribute to efficient data analysis. It is beneficial if errors or
interruptions in the workflow do not require restarting from the beginning: as sequencing
experiments produce large amounts of data, having to repeat steps in data processing can
be time-consuming and expensive. In addition, not all steps in a workflow will be necessary
for all experiments, and some experiments may require custom processing. To handle
experiments appropriately, the workflow should provide an easy way to skip unnecessary
steps but run them later if necessary. To make the framework widely useful, users must be
able to straightforwardly add new steps into the workflow as needed and share them with
others. Several pipelines have been developed that achieve many of these goals27,30,96,97, but
did not meet our needs for greater flexibility in processing metagenomic datasets and longterm reproducibility of analyses.
Here, we introduce Sunbeam, an easily-deployable and configurable pipeline that
produces a consistent set of post-processed files from metagenomic sequencing
experiments. Sunbeam is self-contained and installable on GNU/Linux systems without
administrator privileges. It features error-handling, task resumption, and parallel
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computing capabilities thanks to its implementation in the Snakemake workflow
language60. Nearly all steps are configurable, with reasonable pre-specified defaults,
allowing rapid deployment without extensive parameter tuning. Sunbeam can run either
using local data directly, or using external data from the National Center for Biotechnology
Information (NCBI

ead Archive (SRA)31. Sunbeam is extensible using a simple

mechanism that allows new procedures to be added by the user.
In addition, Sunbeam features custom software that allows it to process data from
challenging sample types, including samples with high proportions of low-quality or hostderived sequences. These include custom-tuned host-derived read removal steps for any
number of host or contaminant genomes, and Komplexity, a novel sequence complexity
analysis program that rapidly and accurately removes problematic low-complexity reads
before downstream analysis. Microsatellite DNA sequences make up a significant
proportion of the human genome and are highly variable between individuals98

100,

compounding the difficulty of removing them by alignment against a single reference
genome. We developed Komplexity because existing tools for analyzing nucleotide sequence
complexity23,101,102 did not meet our needs in terms of speed, removal of spurious hits, and
natively processing fastq files.
We have used Sunbeam in published and ongoing studies of host-associated, lowmicrobial-biomass body sites15,16,103, the virome62,104, and longitudinal sampling of the
microbiome105,106. Sunbeam is implemented in Python, Bash, and Rust. It is licensed under
the GPLv3. It is freely available at https://github.com/sunbeam-labs/sunbeam and
documentation is available at http://sunbeam.readthedocs.io.

IMPLEMENTATION
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INSTALLATION
Sunbeam is installable on GNU/Linux distributions that meet the initial hardware and
software requirements listed in Availability and Requirements. Installation is performed by

require administrator privileges to install or run. We verified that Sunbeam installed and
ran a basic analysis workflow on Debian 9; CentOS 6 and 7; Ubuntu 14.04, 16.04, 18.04, and
18.10; Red Hat Enterprise 6 and 7; and SUSE Enterprise 12.
Sunbeam uses the Conda package management system61 to install additional software
dependencies beyond those listed in Availability and Requirements. Conda provides
automatic dependency resolution, facilitates software installation for non-administrative
users, and uses a standardized system for packaging additional software and managing
third-party software channels. Conda also provides an isolated environment for additional
software dependencies, to avoid conflicts with existing software outside the pipeline. Conda
is installed by the Sunbeam installation script if needed. The isolated software environment
used by Sunbeam is also created by the installation script.

SUNBEAM ARCHITECTURE
Sunbeam is comprised of a set of discrete steps that take specific files as inputs and
produce other files as outputs (Figure 3.1). Each step is implemented as a rule in the
Snakemake workflow framework60. A rule specifies the input files needed, the output files
produced, and the command or code needed to generate the output files. Implementation of
the workflow in Snakemake offered several advantages, including workflow assembly,
parallelism, and ability to resume following an interruption. Snakemake determines which
steps require outputs from other steps in order to form a directed acyclic graph (DAG) of
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dependencies when the workflow is started, so the order of execution can change to suit
available resources. This dependency DAG prevents ambiguities and cyclic dependencies
between steps in the workflow. The DAG structure also allows Snakemake to identify steps
that can operate in parallel (e.g. on other processors or compute nodes) if requested by the
user. Snakemake manages the scheduling and is compatible with job submission systems on
shared clusters.
The input to the Sunbeam pipeline consists of raw, demultiplexed Illumina sequencing
reads, either local files or samples available through the SRA. By default, Sunbeam performs
the following preliminary operations on reads in the following order:
1. Quality control: Optionally, reads are downloaded from the SRA using grabseqs107
and sra-tools31. Adapter sequences are removed and bases are quality filtered using
the Cutadapt108 and Trimmomatic109 software. Read pairs surviving quality filtering
are kept. Read quality is assessed using FastQC110 and summarized in separate
reports.
2. Low-complexity masking: Sequence complexity in each read is assessed using
Komplexity, a novel complexity scoring algorithm described below. Reads that fall
below a user-customizable sequence complexity threshold are removed. Logs of the
number of reads removed are written for later inspection.
3. Host read decontamination: Reads are mapped against a user-specified set of host
or contaminant sequences using bwa111. Reads that map to any of these sequences
within certain identity and length thresholds are removed. The numbers of reads
removed are logged for later inspection.
After the initial quality-control process, multiple optional downstream steps can be
performed in parallel. In the classify step, the decontaminated and quality-controlled reads
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are classified taxonomically using Kraken112, and summarized in both tab-separated and
BIOM format113. In the assembly step, reads from each sample are assembled into contigs
using MEGAHIT114. Contigs above a pre-specified length are annotated for circularity. Open
reading frames (ORFs) are predicted using Prodigal115. The contigs (and associated ORFs)
are then searched against any number of user-specified nucleotide or protein BLAST116
databases, using both the entire contig and the putative ORFs. The results are summarized
into reports for each sample. Finally, in the

step, quality-controlled reads are

mapped using bwa111 to any number of user-specified reference genomes or gene sets, and
the resulting BAM files are sorted and indexed using SAMtools117.
Sunbeam is structured in such a way that the output files are grouped conceptually in
different folders, providing a logical output folder structure. Standard outputs from
Sunbeam include fastq files from each step of the quality-control process, taxonomic
assignments for each read, contigs assembled from each sample, gene predictions, and
alignment files of all quality-controlled reads to any number of reference sequences. Most
rules produce logs of their operation for later inspection and summary. Users can request
specific outputs separately or as a group, and the pipeline will run only the steps required to
produce the desired files. This allows the user to skip or re-run any part of the pipeline in a
modular fashion.

ERROR HANDLING
Most of the actual operations in Sunbeam are executed by third-party bioinformatics
software as described above. The error-handling and operational stability of these
programs varies widely, and random non-reproducible errors can arise during normal
operation. In other cases, execution in a cluster environment can result in resources being
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temporarily and stochastically unavailable. These circumstances make it essential that
Sunbeam can handle these errors in a way that minimizes lost computational effort. This is
accomplished in two ways: first, the dependency DAG created by Snakemake allows
Sunbeam
step failed due to stochastic reasons, or is interrupted, it can then be re-tried without having
to re-execute successful upstream steps. Secondly, Sunbeam wraps execution of many of
these programs with safety checks and error-handling code. Where possible, we have
identified common failure points and taken measures to allow downstream steps to
continue correctly and uninterrupted. For instance, some software will occasionally fail to
move the final output file to its expected location. We check for this case and perform the
final operation as necessary. In other cases, some programs may break if provided with an
empty input file. In rules that use these programs, we have added checks and workarounds
to mitigate this problem. Finally, in cases where throwing an error is unavoidable, we halt
execution of the rule and provide any error messages generated during the failure. These
cases include instances where a step requires more memory than allocated, a variety of
error that can be difficult to diagnose. To recover, the user can allocate more memory in the
configuration file or on the command line and re-execute.
-handling abilities, including the ability
--latency-

-

--restartovercome issues that arise as part of execution in a cluster environment: in particular, on
NFS-based clusters, an upstream rule may complete successfully but the output file(s) are
not visible to all nodes, preventing downstream rule execution and an error concerning
--latency32

filesystem to catch up. Other workflow systems, such as the Common Workflow Language,
allow the workflow to be specified separately from the file paths, and for this reason may
offer more safety than the Snakemake framework118. In normal use, however, we found that
the precautions taken by the Snakemake framework were sufficient to run on shared NFS
filesystems at our institutions under typical load.
-flight

misconfiguration or improper installation. These checks consist of 1) verifying that the
environment is correctly configured, 2) that the configuration file version is compatible
with the Sunbeam version, and 3) verifying that all file paths specified in the configuration
file exist and are accessible.

VERSIONING AND DEVELOPMENT
We have incorporated an upgrade and semantic versioning system into Sunbeam.
Specifically, the set of output files and configuration file options are treated as fixed
between major versions of the pipeline to maintain compatibility. Any changes that would
change the format or structure of the output folder, or would break compatibility with
previous configuration files, only occur during a major version increase (i.e. from version
1.0.0 to version 2.0.0). Minor changes, optimizations, or bugfixes that do not alter the output
structure or configuration file may increase the minor or patch version number (i.e. from
v1.0.0 to v1.1.0). Sunbeam stable releases are issued on an as-needed basis when a feature
or bug fix is tested and benchmarked sufficiently.
To prevent unexpected errors, the software checks the version of the configuration file
before running to ensure compatibility and will stop if it is from a previous major version.
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To facilitate upgrading between versions of Sunbeam, the same installation script can also
install new versions of the pipeline in-place. We provide a utility to upgrade configuration
files between major version changes.
To ensure the stability of the output files and expected behavior of the pipeline, we

integration test checks that Sunbeam is installable, produces the expected set of output files,
and correctly handles various configurations and inputs. The test is run through a
continuous integration system that is triggered upon any commit to the Sunbeam software

branch used by end-users.

EXTENSIONS
The Sunbeam pipeline can be extended by users to implement new features or to share
reproducible reports. Extensions take the form of supplementary rules written in the
Snakemake format and define the additional steps to be executed. Optionally, two other files
may be provided: one listing additional software requirements, and another giving
additional configuration options. Extensions can optionally run in a separate software

Any package available through Conda can be specified as an additional software
dependency for the extension. To integrate these extensions, the user copies the files into

during runtime. The extension platform is tested as part of our continuous integration test
suite.
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User extensions can be as simple or complex as desired and have minimal boilerplate.
For example, an extension to run the MetaSPAdes assembly program 119 is shown in Figure
3.2A. The file sbx_metaspades_example.rules specifies the procedure necessary to generate
assembly results from a pair of decontaminated, quality controlled FASTQ input files. The
pattern for the input files is taken directly from the Sunbeam documentation. The path of
the output directory is created by specifying the output directory and the sample name; it
was created by modifying the pattern for the standard Sunbeam assembly output, given in
the documentation. The shell command at the bottom of the rule is taken directly from the
MetaSPAdes documentation at https://biosphere.francebioinformatique.fr/wikia2/index.php/MetaSPAdes. The extension requires one additional
file to run: a file named re
the Conda package providing the MetaSPAdes software. In all, the extension comprises a
minimal specification of how to install the program, run the program, and name the output
files.
As a second example, we show the file structure of the sbx_report extension, which
generates a report from preprocessing, sequence quality, and taxonomic assignment
summary files generated in the default workflow (Figure 3.2B). This extension includes
additional files for the report template, an example output report, and a README file with
instructions for the user.
Because extensions are integrated directly into the main Sunbeam environment, they
have access to the same environmental variables and resources as the primary pipeline, and
gain the same error-handling benefits. The manner in which the extensions are integrated
into the dependency graph means that a valid extension can only extend, not alter, the
primary workflow. Invalid extensions that violate the acyclic dependency requirements will
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prevent Sunbeam from running. This helps minimize conflicts between extensions as long
as unique naming conventions are followed.
To make it easy for users to create their own extensions, we provide documentation,
an extension template on our GitHub page (https://github.com/sunbeamlabs/sbx_template), and a number of useful prebuilt extensions available at https://
sunbeam-labs.org. We created extensions that allow users to run alternate metagenomic
read classifiers like Kaiju120 or MetaPhlAn2121, visualize read mappings to reference
genomes with IGV122, co-assemble contigs from user-specified groups of samples, and even
123.

Users

can publish Sunbeam extensions at our website, https://sunbeam-labs.org.

KOMPLEXITY
We regularly encounter low-complexity sequences comprised of short nucleotide
repeats that pose problems for downstream taxonomic assignment and assembly 58,103, for
example by generating spurious alignments to unrelated repeated sequences in database
genomes. These are especially common in low-microbial biomass samples associated with
vertebrate hosts. To avoid these potential artifacts, we created a novel, fast read filter called
Komplexity. Komplexity is an independent program, implemented in the Rust programming
language for rapid, standalone performance, designed to mask or remove problematic lowcomplexity nucleotide sequences. It scores sequence complexity by calculating the number
of unique k-mers divided by the sequence length. Example complexity score distributions
for reads from ten stool virome samples (high microbial biomass;88) and ten
bronchoalveolar lavage (BAL) virome samples (low-biomass, high-host;58) are shown in
Figure 3.4B low-complexity reads are often especially problematic in low-microbial36

biomass samples like BAL. Komplexity can either return this complexity score for the entire
sequence or mask regions that fall below a score threshold. The k-mer length, window
length, and complexity score cutoff are modifiable by the user, though default values are
provided (k-mer length = 4, window length = 32, threshold = 0.55). Komplexity accepts
FASTA and FASTQ files as input and outputs either complexity scores or masked sequences
in the input format. As integrated in the Sunbeam workflow, Komplexity assesses the total
read complexity and removes reads that fall below the default threshold. Although lowcomplexity reads are filtered by default, users can turn off this filtering or modify the
threshold in the Sunbeam configuration file. Komplexity is also available as a separate opensource program at https://github.com/eclarke/komplexity.

RESULTS AND DISCUSSION
Sunbeam implements a core set of commonly-required tasks supplemented by userbuilt extensions. Even so, the capabilities of Sunbeam compare favorably with features
offered in existing pipelines such as SURPI (Sequence-based Ultra-Rapid Pathogen
Identification)27, EDGE (Empowering the Development of Genomics Expertise)96, ATLAS
(Automatic Tool for Local Assembly Structures)30, and KneadData97. A detailed feature

extension framework and novel software to address the issues of low-complexity or hostderived sequence filtering. The Sunbeam extensions framework facilitates the addition of
new features to Sunbeam without adding overhead to the core pipeline

once developed, a

Sunbeam extension can be discovered and used by anyone through our extensions website
(www.sunbeam-labs.org). Sunbeam extensions that generate figures can also be used to
promote reproducible science (examples below). As Sunbeam can work directly from SRA
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data, regenerating figures and analyses from a study is as painless as installing the
extension, initializing using the BioProject or SRA project identifier, then running the
pipeline as usual.
To demonstrate the development of extensions and the use of Sunbeam on real-world
data, we reproduced key results from three published studies and tested Sunbeam on an
internal pilot study of shallow shotgun sequencing (Figure 3.3). These studies span multiple
research areas (high-biomass human gut microbiome, soil microbiome, virome, and shallow
Each of these analyses is
packaged and distributed as a Sunbeam extension. The extension workflow begins with
downloading data from the SRA and ends with generation of a final report. We verified that
the example workflows produced identical results on our institutional systems and on
cloud-based systems.
In Figure 3.3A, we reproduce a finding from Lewis

2015 showing distinct gut

DNA abundance in stool124. As this finding depends on the use of read-based classification,
we used Kraken (the Sunbeam built-in classifier) as well as extensions for Kaiju120 and
MetaPhlAn2121 to test the consistency of the conclusions across different tools

the original

study used MetaPhlAn125 to classify reads. All three classification methods recapitulated the
previously reported clusters (MetaPhlAn2 results in Figure 3.3A, full report in Additional
File 3.1). This analysis can be re-run using the sbx_lewis2015 extension
(https://github.com/louiejtaylor/sbx_lewis2015).
An example of a non-host-associated analysis is shown in Figure 3.3B. Bahram

.

2018 showed that soil bacterial diversity was highest in temperate latitudes, but lower at
the equator and in artic regions126. We used Sunbeam to process and classify reads from this
38

dataset and found similar results (Figure 2B; P<0.001, R2=0.11; Bahram

. P<0.001,

R2=0.16). This analysis can be reproduced using the sbx_bahram2018 extension
(https://github.com/louiejtaylor/sbx_bahram2018, Additional File 3.2).
In Figure 3C, we reproduce results from the virome study published by McCann

.

2018, which found differences according to mode of birth in gut viral communities of oneyear-olds127. One salient finding was that Anelloviridae, a family of ubiquitous human
commensal viruses128, were much more diverse in children born by spontaneous vaginal
delivery (SVD) compared to those born via C-section. We used Sunbeam to classify the reads
from this dataset and also found more unique anelloviruses in SVD compared to C-section
(Figure 3.3C, Additional File 3.3; P=0.011; McCann

. P=0.014). The finding of McCann

al was recovered using different approaches to identify viruses: McCann

used a

translated nucleotide query against a database of anellovirus ORF1 proteins, while we used
Kraken-based classification. This analysis can be reproduced using the sbx_mccann2018
extension (https://github.com/louiejtaylor/sbx_mccann2018).
Figure 3.3D shows results from a methods development pilot study conducted at the
CHOP Microbiome Center. Here, we sequenced tongue swab specimens from three healthy
children, collected at four-week intervals. DNA from the tongue swabs was prepared for
sequencing using two library preparation kits: the Nextera XT kit and the Nextera DNA Flex
kit. For each kit and specimen, the DNA library was prepared using a full-scale (1X) and
quarter-scale (1/4X) reagent volumes relative to standard Illumina protocols. We
conducted shotgun metagenomic sequencing and recovered approximately 500,000 reads
per sample, after host filtering. Thus, our pilot study is an examp
-effective alternative to 16S rRNA marker gene
studies129. In our analysis of the pilot study, the type of kit had a small but measurable effect
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on the abundance of Streptococcus species, but the estimated effect size for the kit (R2 =
0.003 for

) was orders of magnitude less than that between specimens (R2 = 0.995).

This analysis can be reproduced using the sbx_shallowshotgun_pilot extension
(https://github.com/junglee0713/sbx_shallowshotgun_pilot; report HTML file in
Supplementary File 3.4).
analyses and greatly
simplifies performing the same type of analysis on multiple datasets. Extension templates,
as well as a number of pre-built extensions for metagenomic analysis and visualization
123,

MetaPhlAn121, and Pavian130, are available on our GitHub page

(https://github.com/sunbeam-labs
facilitates reproducibility: final figure generation can be integrated into a Sunbeam
extension, greatly lowering the barrier to reproducing analyses and studies.

COMPARING LOW-COMPLEXITY FILTERING PROGRAM FILTERING AND
PERFORMANCE
Low complexity reads often cross-align between genomes, and commonly elude
standard filtersin use today. The gold standard of such filtering programs, RepeatMasker101,
uses multiple approaches to identify and mask repeat or low complexity DNA sequences,
including querying a database of repetitive DNA elements (either Repbase131 or Dfam132).
Another program, used in the BLAST+ suite, DUST23 employs an algorithm which scores
and masks nucleotide sequence windows that exceed a particular complexity score
threshold (with lower-complexity sequences assigned higher scores) such that no
subsequence within the masked region has a higher complexity score than the entire
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masked region. BBMask, developed by the Joint Genome Institute, masks sequences that fall
below a threshold of k-mer Shannon diversity102.
Many of these tools were not optimal for our use with shotgun metagenomic datasets.
RepeatMasker uses databases of known repeat sequences to mask repetitive nucleotide
sequences, but runs too slowly to be feasible for processing large datasets. An option to
filter reads falling below a certain complexity threshold is not available in DUST,
RepeatMasker or BBMask (although filtering is available in the BBMask companion tool
BBDuk). Finally, the memory footprint of BBMask scales with dataset size, requiring
considerable resources to process large shotgun sequencing studies. Therefore, we
designed Komplexity to mask or filter metagenomic reads as a rapid, scalable addition to
the Sunbeam workflow that can also be installed and run separately. It accepts FASTA/Q
files as input, can mask or remove reads below a specified threshold, and operates with a
constant memory footprint. Our goal was to achieve quality comparable to RepeatMasker in
a reasonable timeframe.
To compare the performance of all the low-complexity-filtering tools discussed above,
we used pIRS133 to simulate Illumina reads from the human conserved coding sequence
dataset134 as well as human microsatellite records from the NCBI nucleotide database135
with the following parameters: average insert length of 170 nucleotides with a 5% standard
deviation, read length of 100 nucleotides, and 5x coverage. To ensure compatibility with all
programs, we converted the resulting files to FASTA format, then selected equal numbers of
reads from both datasets for a total of approximately 1.1 million bases in the simulated
dataset (available at https://zenodo.org/record/2541222)136. We processed the reads
using Komplexity, RepeatMasker, DUST and BBMask and used GNU Time version 1.8137 to
measure peak memory usage and execution time for six replicates (Table 2). Komplexity
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and RepeatMasker mask a similar proportion of microsatellite nucleotides, while none of
the four tools masks a large proportion of coding nucleotides. Komplexity runs faster and
has a smaller memory footprint than other low-complexity filtering programs. The memory
footprint of Komplexity and DUST are also relatively constant across datasets of different
sizes (data not shown).
To understand the extent to which different tools might synergize to mask a larger
proportion of overall nucleotides, we visualized nucleotides from the microsatellite dataset
masked by each tool or combinations of multiple tools using UpSetR138 (Figure 3.4A).
Komplexity masks 78% of the nucleotides masked by any tool, and 96% excluding
nucleotides masked by only RepeatMasker. This suggests that there would only be a
marginal benefit to running other tools in series with Komplexity. Komplexity in

99% of the total simulated microsatellite reads.

CONCLUSIONS
Here we introduce Sunbeam, a Snakemake-based pipeline for analyzing shotgun
metagenomic data with a focus on reproducible analysis, ease of deployment and use. We
also present Komplexity, a tool for rapidly filtering and masking low-complexity sequences
from metagenomic sequence data, and show its superior performance in comparison with

customizability, and facilities for deployment simplify the processing of shotgun
metagenomic sequence data, while its extension framework enables customized
reproducible analyses. We have already used Sunbeam in multiple published15,16,62,103

106

and ongoing studies.
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AVAILABILITY AND REQUIREMENTS
Sunbeam
https://github.com/sunbeam-labs/sunbeam
GNU/Linux; verified on the following distributions: Debian 9; CentOS 6
and 7; Ubuntu 14.04, 16.04, 18.04, and 18.10; Red Hat Enterprise 6 and 7
Python, Rust, and Bash
: Software: Python (version 2.7, 3.4, 3.5, or 3.6), git (version >= 2),
GNU Coreutils, wget, bzip2, and Bash (version >= 3) required for installation. At least 100
GB hard drive space and 16 GB memory are recommended to run the pipeline, dependent
on databases and input file sizes used.
License: GPLv3
No

LIST OF ABBREVIATIONS
ATLAS: Automatic Tool for Local Assembly Structures; BAM: binary alignment map;
BLAST: Basic Local Alignment Search Tool; DAG: Directed Acyclic Graph; EDGE:
Empowering the Development of Genomics Expertise; GPL: (GNU) General Public License;
ORF(s): open reading frame(s); SDUST: Symmetric DUST; SRA: Sequence Read Archive;
SURPI: Sequence-based Ultra-Rapid Pathogen Identification; SVD: Spontaneous Vaginal
Delivery
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3.

Diagram showing inputs, processes and outputs for standard steps in the Sunbeam
metagenomics pipeline.

46

3.

(A) Files for extension sbx_metaspades_example, which uses MetaSPAdes to assemble reads
from quality-controlled fastq.gz files. sbx_metaspades_example.rules lists procedure
necessary to generate assembly results from a pair of decontaminated, quality controlled
FASTQ input files.

lists the software requirements for the package to be

installed through Conda. (B) Files contained within the sbx_report extension:
lists the software requirements for the package to be installed through
Conda; sbx_report.rules contains the code for the rule as above, final_report.Rmd is an R
markdown script that generates and visualizes the report, example.html is an example
report, and README.md provides instructions for installing and running the extension.
Sunbeam inputs required for each extension are shown as colored shapes above the
extensions.
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3.

(A) Nonmetric Multidimensional Scaling plots generated using the vegan package in
R139, using MetaPhlAn2 classifications of data from Lewis

. 2015124. Each point is

colored by the cluster in which it was annotated in the Lewis

metadata cluster 2

(red) is the dysbiotic cluster, while cluster 1 (blue) is the healthy-like cluster. (B) Inverse
Simpson diversity by absolute latitude calculated using the vegan package in R from the
Kraken classification output of Sunbeam for Bahram

. 2018126. Points are colored by

habitat. The polynomial regression line is shown in black. (C) Boxplots of unique
Anelloviridae taxa in each sample from McCann

2018127. Each point corresponds to a

single sample. (D) Heatmap from shallow shotgun analysis colored by proportional
abundance. Each row corresponds to a bacterial taxon; each column represents a different
reagent combination. Columns are grouped by timepoint, then by subject (top). All plots
were generated using the ggplot2 R package140.
3.
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(A) Comparison between Komplexity and similar software (BBMask, DUST, and
RepeatMasker). The small bar plot in the lower left shows the total nucleotides masked by
each tool. The central bar plot shows the number of unique nucleotides masked by every
tool combination; each combination is shown by the connected dots below. Bars displaying
nucleotides masked by tool combinations that include Komplexity are colored red. (B)
Example complexity score distributions calculated by Komplexity for reads from ten stool
virome samples (high microbial biomass; 88) and ten bronchoalveolar lavage (BAL) virome
samples (low-biomass, high-host; 58) using the default parameters.
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3.1:

Architecture/usage
Dependency
management
Modularity
Results reporting
Extension
framework
Clinical
certification
Data source
Quality control

Sunbeam

SURPI

Knead
Data

Conda

Bash

Pip
(partial)

ATLAS

Conda
Perl
modules

Snakemake
Tables,
coverage
maps, figures
Sunbeam
extensions

EDGE

Tables,
coverage
maps

Snakemake
Tables,
coverage
maps

CLIA
Local, SRA

Local

Local

Local

Local

Trimmomatic,
Cutadapt

Cutadapt

Trimmo
matic

FaQCs

BBDuk2

Error correction
Read quality
Host filtering

Fastqc
Any

Cutadapt
Human

Fastqc
Any

Low-complexity

Komplexity

DUST

TRF

Adapter trimming

Read
subsampling/
rarefaction
Sequence analysis

BWA

Classification

Kraken,
(MetaPhlAn2
, Kaiju
extensions)

Assembly

MEGAHIT

Full contig (nt)
Functional
annotation
Phylogeny
reconstruction
Primer design

Tadpole
BBDuk2
Any
BBDuk2

VSEARCH
(extension)

Reference
alignment

ORFs (aa)

FaQCs
Any
Mono- or
dinucleotide
repeats

Prodigal,
BLASTp
Circularity,
BLASTn

Bowtie2,
MUMmer+
JBrowse

BBMap

SNAP

GOTTCHA,
Kraken,
MetaPhlAn

DIAMOND

Minimo

IDBA-UD,
SPAdes

MEGAHIT,
SPAdes
Prokka

RAPSearch

BWA

DIAMOND
ENZYME/eg
gNOG/
dbCAN

eggNOG
(extension)
PhaMe,
FastTree/R
AxML
BW,
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Primer3

Feature comparison for metagenomic pipelines. Tools used by each pipeline:
trimmomatic109; cutadapt108; tadpole141; fastqc110; FaQCs142; BBDuk2143; DUST23; TRF144;
VSEARCH 145; bwa111; bowtie275; BBMap146; KRAKEN112; SNAP147; MUMmer148; JBrowse149;
GOTTCHA150; MetaPhlAn121; DIAMOND151; FastTree152; MEGAHIT114; SPAdes153; Minimo154;
Prodigal115; BLASTp116; Prokka155; BLASTn116; eggNOG156; ENZYME157; dbCAN158;
Primer3159; RAPSearch160; RAxML161; conda61; PhaME162; Snakemake60; SAMtools117.
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3.

Tool

Microsatellite
nucleotides
masked (%)

Conserved
coding
sequence
nucleotides
masked (%)

Speed
(kilobase/sec)

Peak memory
usage
(megabytes)

Komplexity

54.6

0.68

10,100±560

3.50±0.06

RepeatMasker

57

0.75

0.64±0.02

624±3.0

BBMask

43

0.029

1690±440

385±52

DUST

44.9

0.74

795±10

17.0±0.18

Columns show the percentage of nucleotides (microsatellite or conserved coding sequence)
from reads masked by each tool, as well as the normalized time taken and peak memory
usage of each tool while processing the dataset (1.1 megabases). The top-performing tool in
each category is shown in bold.
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ADDITIONAL FILE LEGENDS
3.

et al

Report with figures reproducing results from Lewis
3.

et al

Report with figures reproducing results from Bahram
3.

. 2015124.

. 2018126.

et al

Report with figures reproducing results from McCann

. 2018127.

3.
Report with figures relating to the shallow shotgun pilot study described above.
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CHAPTER 4
REDONDOVIRIDAE: A FAMILY OF SMALL,
CIRCULAR DNA VIRUSES OF THE HUMAN
RESPIRATORY TRACT ASSOCIATED WITH
PERIODONTITIS AND CRITICAL ILLNESS

The contents of this chapter have been previously published as:
AA Abbas*, LJ Taylor*, MI Dothard, JS Leiby, AS Fitzgerald, LA Khatib, RG Collman,
viridae: a family of small, circular DNA viruses of the human
oroMicrobe (2019).
*these authors contributed equally
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ABSTRACT
The global virome is largely uncharacterized but is now being unveiled by
metagenomic DNA sequencing. Exploring the human respiratory virome, in particular, can
provide insights into oro-respiratory diseases. Here, we use metagenomics to identify a
family of small, circular DNA viruses

named Redondoviridae associated with human

diseases. We first identified two redondovirus genomes from bronchoalveolar lavage
samples from human lung donors. We then queried thousands of metagenomic samples and
recovered 17 additional complete redondovirus genomes. Detections were exclusively in
human samples and mostly from respiratory tract and oro-pharyngeal sites, where
Redondoviridae was the second most prevalent eukaryotic DNA virus family. Redondovirus
sequences were associated with periodontal disease, and abundances decreased with
treatment. Some critically ill patients in a medical intensive care unit were found to harbor
high levels of redondoviruses in respiratory samples. These results suggest that
redondoviruses colonize human oro-respiratory sites and can bloom in several human
disorders.

INTRODUCTION
Viruses are the most abundant biological entities on Earth, but global viral populations
an be difficult if
they have limited sequence homology to viral genomes in reference databases. Recent
advances in sample preparation and sequencing techniques have uncovered a world of new
viruses3,35,88,163,164. However the majority of reads in most studies remain unclassified1,2,
leaving our understanding of the virome incomplete. Here we describe the identification of
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a new viral family, its localization in human oro-respiratory sites, and its association with
disease states.
Methods for analyzing the virome are particularly efficient at recovering small circular
DNA viruses. Metagenomic sample preparation commonly involves multiple displacement
amplification (MDA) with a highly processive, strand-displacing DNA polymerase, which
enriches for small, circular, single-stranded DNAs (ssDNA)35,55,165. Many ssDNA viruses
encode a replication initiation protein (Rep)

thus this group is collectively known as

circular Rep-encoding single-stranded DNA (CRESS) viruses33. Some aspects of genome
architecture and functional domains of viral Rep and Capsid proteins are detectably
conserved among CRESS viruses, though pairwise nucleotide identities are often low. A
well-studied group of animal CRESS viruses is the Circovirus genus within the Circoviridae
family, which includes pathogenic viruses of swine and birds166,167. The Circoviridae family
also contains the genus Cyclovirus, which consists of viruses identified by metagenomic
sequencing in samples from several mammalian species168,169, including some sporadically
identified in human disease states170

172.

The recently identified Smacoviridae family has

been detected in mammalian feces4, though the definitive hosts are unknown53. Other
CRESS families include viruses that infect plants, Geminiviridae and Nanoviridae173,174,
fungi55,175, and additional apparent viruses detected as divergent sequences for which hosts
are unknown3.
We and others have previously investigated the human respiratory tract virome in
health and disease. Typically anelloviruses, herpesviruses and bacteriophages dominate
human respiratory tract samples57,58,103,104,176

179.

Recently, we identified short sequence

reads with limited homology to a swine-associated CRESS virus180 in bronchoalveolar
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lavage (BAL) from human organ donors58,104, raising the possibility that we had detected a
new human virus.
Following up on this lead, we now report the identification of a group of CRESS viruses,
highly divergent from other viral families, present in human respiratory and oral samples.
These CRESS genomes are sufficiently different from previously described taxa that we
propose that they are members of a new family, which we name Redondoviridae
(redondo

respiratory tract). A recently described genome identified in upper respiratory secretions of
a febrile individual181 also classified as a redondovirus, and we propose it as the type
species for the Brisavirus genus. Analysis of the distribution of redondoviruses showed that
they were the second most prevalent virus in human respiratory samples, after
anelloviruses, in samples from viral metagenomic studies. Analysis of redondovirus
representation in numerous environmental and host-associated samples disclosed
association of Redondoviridae with periodontal disease and acute critical illness.

RESULTS
INITIAL DISCOVERY OF REDONDOVIRUSES IN HUMAN
BRONCHOALVEOLAR LAVAGE FLUID
In two previous studies of lung transplant recipients, samples of BAL were enriched for
viral particles, then RNA and DNA was purified and subjected to metagenomic sequence
analysis58,104. DNA fractions were amplified using MDA. Alignment of reads from two organ
donor BAL samples to the NCBI viral genome database showed modest (14%) coverage of
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Porcine stool-associated circular virus 5 (PoSCV-5) isolate CP3 (GenBank: NC_023878)
(Figure 4.1). PoSCV-5 is currently an unclassified and unstudied member of the Circoviridae
family.
After assembling reads from these samples into contigs, we found that sequences
matching PoSCV-5 were present in circular contigs of approximately 3,000 base pairs (bp).
Thus, whole viral genomes were present in the initial BAL samples, but only a small region
of these genomes resembled PoSCV-5. Several sets of nested primers (Table S4.1 and Figure
S4.1) were used to amplify overlapping fragments from the original BAL samples. These
fragments were sequenced using the Sanger method and assembled to construct two
circular genomes of 3,026 bp (Human lung-associated brisavirus RC; accession MK059757)
and 3,056 bp (Human lung-associated vientovirus FB; accession MK059763) (Figure S4.1).
Contigs assembled from shotgun metagenomic reads of other BAL samples processed
by our group were then queried for DNA sequence similarity to the two novel genomes. In
total, seven complete Redondoviridae genomes were discovered and cloned from
independent BAL samples from organ donors and patients with sarcoidosis (Figure S4.1).
The full set of new genomes was then used as alignment targets to interrogate publicly
available datasets. Twelve more samples had sufficient coverage of redondovirus sequences
to allow assembly, yielding 19 complete genomes (Figure 4.1A, Table S4.2).
A danger is that small circular viruses may be derived from environmental
contamination in clinical or laboratory reagents17,182. We queried 144 contamination
controls from seven studies analyzed by shotgun metagenomics, six of which were from our
laboratory (most viral metagenomic data sets in databases do not include sequenced
contamination controls). None of these negative controls had any reads aligning to
redondoviruses. This included 24 bronchoscope prewashes, which consist of a sterile saline
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solution passed through bronchoscopes before insertion into a patient. These were
processed at our site in parallel with virome preps of multiple positive BAL samples; control
samples were subjected to MDA, library preparation, and shotgun sequencing all in
parallel103. In further tests, we used a qPCR assay targeting redondovirus genomes to check
the 24 bronchoscope prewashes and two additional DNA extraction controls subjected to
MDA. All were negative by qPCR analysis. As positive controls, we detected robust qPCR
signals in MDA-amplified DNA extracted from the original acellular BAL samples from
which these genomes were cloned (Figure S4.1C).
To strengthen the notion that Redondoviridae are of eukaryotic origin, we investigated
whether they showed sequence signatures of bacteriophages. The presence of prokaryotic
ribosomal binding sites (RBS) upstream of viral open reading frames (ORFs) can provide
evidence for a prokaryotic host183. We implemented the algorithm described in
Krishnamurthy and Wang183 and identified no prokaryotic RBS proximal to any
redondovirus protein coding sequence. These data support the idea that redondovirus
sequences were not derived from environmental contamination and are not bacteriophages.

REDONDOVIRUS GENOMES CONTAIN CONSERVED FEATURES OF CRESS
VIRUSES AND A NOVEL ORF
Redondoviruses share some genomic features with other CRESS DNA viruses, but
display several unique characteristics (Table 4.1). Redondovirus genomes contain
ambisense ORFs (Figure 4.1B) encoding a 334-363 amino acid Rep and a 449-531 amino
acid capsid (Cp), which are only 10-15% identical to those of porcine circovirus-1 and -2,
and 40-55% for PoSCV-5 , which provided the initial database "hit". All redondovirus
genomes also contain a third ORF (ORF3) overlapping the capsid gene, which is not found in
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either porcine circoviruses or in PoSCV-5. ORF3 has no homology to any described protein
family. Thus, while PoSCV-5 is the most closely related known virus to the redondoviruses,
PoSCV-5 is markedly divergent in genome architecture and protein identity and does not
meet criteria for a member of the Redondoviridae family.
Redondoviruses display considerable sequence divergence when comparing their Cp
and Rep proteins. The range of pairwise amino acid identities of capsid is 67.5-99.6%
(median 82.3%) while the range of Rep amino acid identity is 36.6-99.7% (median 54%)
(Figure 4.1B). Surprisingly, Cp is more conserved than Rep. One might have expected that
the capsid protein, which is presumably recognized by host antibodies, would be under
stronger diversifying (positive) selection. Part of Cp overlaps ORF3, and so could be
constrained in sequence drift for that reason, but even in the non-overlapping carboxyterminal coding region (Figure 4.1B) the variability is still lower than in Rep.
To clarify the phylogenetic relationships between viral proteins within the
Redondoviridae and other CRESS virus families, we built maximum-likelihood phylogenetic
trees of Rep and Cp protein sequences. Redondoviruses are more similar to each other than
to other CRESS families by protein identity and genome organization (Figure 4.2, Table 4.1).
The capsid and Rep protein phylogenies show different relationships between the isolates,
suggesting that recombination is common in redondoviruses, as in other circular ssDNA
viruses184

186.

Based on previous definitions4 and analysis of the diversity of viral Rep

proteins, redondovirus genomes can be grouped in two genera, demarcated by 50% Rep
protein identity, which we propose to call Vientovirus and Brisavirus (Table S4.2).
The redondovirus Rep protein (Figure 4.3B) contains two domains found in many small
DNA and RNA viruses: one involved in rolling-circle replication (Pfam: PF00799) and a
second helicase domain within the P-loop NTPase superfamily (Pfam: PF00910)187,188.
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Redondovirus capsids, like those of other ssDNA viruses, contain a basic aminoterminus. Protein modeling by PHYRE2189 weakly predicted folds similar to coat proteins of
ssRNA viruses that infect plants (Figure 4.3C; 58% confidence over 7% of sequence).
-

of Cp and Rep. Such sequences are candidates for the origin of replication190 where the
viral-encoded Rep binds and cleaves, mediating replication by host polymerases. Such stemloops are found in other CRESS virus families. In the previous report of a single
redondovirus genome181, the authors suggested a hairpin in the large intergenic region as
the origin of replication. However, analysis of all 20 genomes showed that a conserved,
stable stem loop structure is predicted to form in the second smaller intergenic region,
partially overlapping Rep. Although the length of the stem, size of the loops, and presence of
downstream direct repeats vary, most redondovirus genomes contain a nonanucleotide
4.1B) similar but not identical to that of other CRESS viruses.
This structure is highly conserved among redondoviruses (Figure 4.3A), while the sequence
of the alternative intergenic hairpin is not, suggesting that this is a more likely candidate for
the replication origin.

REDONDOVIRUS GENOMES IDENTIFIED IN SHOTGUN METAGENOMIC
DATA
To investigate redondovirus distribution in the biosphere, we surveyed metagenomic
sequence datasets for homology to redondoviruses (Table S4.3 presents the datasets
queried). Studies were favored for analysis if they 1) biochemically enriched for viral
nucleic acids, 2) used MDA, which enriches for small circular viral genomes191, 3) reported
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detection of Circovirus-like sequences, and/or 4) included a diverse range of sample types.
In total, we queried 7,581 samples from 173 datasets covering 51 organisms or
environments. Within human metagenomes, 18 body sites or fluids were examined. A
positive hit was defined as 25% coverage of any redondovirus genome.
Redondoviruses were detected in metagenomic sequences from human oral cavity
(3.8% of samples), lung (3.3%), nasopharynx (0.95%), and gut (0.59%). The most frequent
sites of detection were the mouth and respiratory tract (Figure 4A). Redondovirus
sequences were rare in human gut (17 detections total). Redondoviruses were not found in
other animals, freshwater, marine, or soil samples (1,087 non-human biological samples),
nor in laboratory reagents (144 contamination control samples). Importantly, 24 of the
contamination controls analyzed were prepared side-by-side with redondovirus-positive
samples and consist of saline bronchoscope pre-washes performed immediately prior to
BAL sampling, which reflects the entire pipeline of specimen acquisition and nucleic acid
processing. We thus conclude that redondoviruses are authentically present in the human
oro-respiratory tract. Whether infrequent detection in gut samples reflects an authentic site
of replication or transient passage after swallowing is uncertain. We cannot rule out that
redondoviruses colonize other animal species, although thus far we have only identified hits
in human samples.

REDONDOVIRUS CO-OCCURRENCE WITH HUMAN DNA VIRUSES
Adeno-associated virus, an ssDNA virus of the Parvoviridae family, also encodes capsid
and Rep proteins, and is known to require coinfection with a helper virus such as
adenovirus to replicate. We thus asked whether redondoviruses co-occurred with any other
eukaryotic viral family suggestive of a helper virus. We analyzed a subset (20) of the 173
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datasets we previously screened for redondoviruses for the presence of common human
DNA virus families (Adenoviridae, Anelloviridae, Herpesviridae, Papillomaviridae,
Parvoviridae and Polyomaviridae). Redondoviridae was the second-most frequent human
DNA virus family detected, exceeded only by Anelloviridae, which are known to be
ubiquitous in humans128

this high frequency is likely affected by use of MDA for virome

preps, which enriches for small circular DNAs. Figure 4.4C shows the representation of
additional human DNA viruses that co-occurred with redondoviruses in metagenomic
datasets. Only anelloviruses were found to co-occur significantly with redondoviruses
(Figure 4.4C, p=5.7x10small ssDNA viruses that seem unlikely to contribute helper functions to redondovirus
replication. We speculate that the inflammatory milieu known to favor anellovirus
replication192,193 may be similarly favorable for redondoviruses. Alternatively, given the
ubiquitous nature of anelloviruses in humans, this association may reflect the fact that MDA
enriches for both anelloviruses and redondoviruses, resulting in their co-detection. Rarely,
other human viruses were found in redondovirus positive samples; these included Human
mastadenovirus C and Epstein-Barr virus.

REDONDOVIRUSES IN THE RESPIRATORY TRACT ARE ELEVATED IN
ABUNDANCE IN CRITICAL ILLNESS
Several sample sets were further queried using metagenomic analysis and qPCR to
assess redondovirus abundance in the respiratory tract. We investigated 916 selected ororespiratory samples using metagenomic analysis of datasets described above, reflecting a
mixture of health and disease states, and found that redondoviruses were still the secondmost frequent DNA virus detected, after anelloviruses (Figure S4.3).
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To investigate the presence of redondovirus in healthy subjects further, we tested DNA
isolated from oropharyngeal swabs from 60 adults using qPCR194. DNA was subjected to
selective whole genome amplification (SWGA)195 to enrich for redondovirus sequences over
the human genome background, followed by redondovirus qPCR. Nine of 60 healthy
subjects were positive (15%), although quantities even following SWGA amplification
showed generally modest levels (Figure 4.5A).
We then tested samples from 67 critically ill individuals using SWGA and qPCR (Figure
4.5A-B). Six (9%) had oropharyngeal samples positive for redondovirus. Post-SWGA
quantities were, on average, 104 fold greater than in healthy subjects, although the use of
SWGA complicates quantitative comparisons between groups. Four of these six critically ill
subjects also had lung secretions (endotracheal aspirates) available for testing; three were
positive for redondovirus. In subjects with serial samples, redondovirus was generally
detectable over a period of 2-3 weeks, suggesting persistent colonization or infection. We
conclude that redondoviruses are found in both healthy and critically ill individuals, but
levels are elevated in illness. Furthermore, the upper and lower respiratory tracts appear to
represent common niches with stable redondovirus detection over time.

REDONDOVIRUS SEQUENCE READS ARE ASSOCIATED WITH
PERIODONTITIS
The set of 97 metagenomic studies assessed for redondovirus sequences (Table 4.S3)
contained samples from several disease states, allowing us to assess possible associations of
redondoviruses with human disorders. In addition to our initial detections in BAL from
organ donors and lung transplant recipients58,104, redondoviruses were found in 1) BAL
from subjects with sarcoidosis and healthy adults 103, 3) gingival samples from subjects with
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periodontitis196

199,

4) oropharyngeal and nasopharyngeal samples from febrile

subjects200,201, 5) oral samples from subjects with rheumatoid arthritis 202, 6) stool samples
from healthy individuals or from individuals with inflammatory bowel disease203 and 7)
stool samples from subjects with HIV-associated immunodeficiency204 (Figure 4.4B).
A considerable proportion of redondovirus-positive samples were from studies of
periodontal disease (Figure 4.4B), so we analyzed these further. Three studies queried
gingival or oral samples from subjects suffering or recovered from periodontitis (detailed
metadata in Table S4.4). One study queried samples before and after corrective treatment
by scaling and root planing together with improved oral hygiene196. Redondovirus
representation was high prior to treatment, and then fell substantially after treatment, as
measured by the number of reads aligning to the most broadly covered redondovirus
genome in each sample (Figure 4.5C). We averaged redondovirus reads across all individual
tooth sites sampled for each subject and found lower redondovirus prevalence after
recovery (Figure 4.5C, p=0.014, Wilcoxon signed-rank test). The second study compared
disease severity in two groups with chronic periodontitis; one group received treatment
with 0.25% sodium hypochlorite rinse, while the other received a water rinse197. We
compared redondovirus representation in sub and supra-gingival sites from subjects whose
periodontitis did or did not improve, and found that subjects that did not show
improvement had greater numbers of reads mapping to redondovirus genomes (Figure
4.5D, p=0.028, Wilcoxon rank-sum test). A third study analyzed two patients with severe
periodontal disease, before and after treatment; both subjects were positive for
redondovirus prior to treatment but no detections were found in samples taken after
successful treatment199. Thus we conclude that redondoviruses are associated with
periodontitis in multiple studies, and that levels are reduced with effective treatment.
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DISCUSSION
Here we introduce Redondoviridae, a family of small, circular DNA viruses discovered in
metagenomic sequence data that is found selectively in human lung and oro-pharyngeal
samples. We first identified redondovirus genomes by aligning metagenomic sequences
from lungs of two organ donors to a viral genome database, resulting in weak hits to PoSCV5. Assembly of shotgun metagenomic reads yielded complete circular genomes, which were
then used to interrogate our collection of lung virome samples, allowing us to identify seven
genomes. We then used these genomes to interrogate 7,581 metagenomic samples from
diverse environmental sites, hosts, body sites, and disease states, detecting redondoviruses
in 67 human samples and building 12 additional genomes. Independently, another group
reported a single genome181 in a sample from the throat of a febrile patient that we find is
most closely related to Human oral-associated brisavirus YH (accession MK059758). Of the
DNA viruses we surveyed in 20 human virome datasets, redondoviruses were the second
most abundant, exceeded only by anelloviruses. The prevalence of redondoviruses was
similar in cohorts of healthy subjects and critically ill subjects, although higher genome
quantities suggested higher absolute levels in the ill subjects. Analysis of metagenomic
samples revealed an association of redondoviruses with periodontal disease.
It is possible that redondovirus infection and replication may help maintain the
inflammatory state associated with periodontitis and contribute to disease progression. A
role in disease initiation seems less likely given the established roles of bacteria and oral
hygiene205,206. Previous studies have tentatively implicated viruses in periodontitis based on
alterations of subgingival bacteriophage communities207 and increased representation of
some eukaryotic viruses including HIV, HCMV and HSV-1208,209. The role of redondoviruses
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in periodontitis warrants further study. Similarly, the role redondoviruses play in diseases
of the respiratory tract can now be investigated.
Do redondoviruses require helper viruses to replicate? The Dependoparvoviruses,
which include AAV, are small, linear ssDNA viruses that require co-infection with larger
DNA viruses to condition cells for efficient replication. Samples containing redondoviruses
were scanned for other DNA viruses, but no large double stranded DNA viruses were
consistently identified. Anelloviruses, small, circular ssDNA viruses, did co-occur. While we
do not rule out that anelloviruses support redondovirus replication, it seems more likely
that the inflammatory states known to promote anellovirus replication may do the same for
redondoviruses, or alternatively, that the methods for virome sampling preferentially
recover both redondoviruses and anelloviruses.
The high level of sequence variation in redondovirus Rep proteins is intriguing. Viruses
encoding Reps are ubiquitous in both prokaryotes and eukaryotes. There are even
transposon families that mobilize via ssDNA intermediates using Rep-like enzymes210. Cells
have likely been opposing parasitism by Rep-encoding elements since the origins of cellular
life. We conjecture that Rep
between host intrinsic immunity and Rep enzymes. If so, there should be active host cell
mechanisms targeting and inhibiting Rep proteins. The redondovirus Rep enzymes
reported here provide an entry point to investigating this possibility.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
HUMAN STUDIES
Samples analyzed here obtained in the context of studies previously reported were
obtained with informed consent and under protocols approved by the Institutional Review
Board at their respective institutes as detailed in58,103,104,194. Human subjects >18 years of
age with varying critical illnesses were enrolled within 24 hours of admission at the
Hospital of the University of Pennsylvania medical Intensive Care Unit (ICU). Individuals
with an anticipated ICU length of stay <48 hours were excluded. Informed consent was
obtained under IRB protocol 823392. Subjects were not involved in any other experimental
procedures. Oropharyngeal swabs (n = 198), endotracheal aspirates (n = 87), and stool (n =
16) from 69 (44 males and 25 females) subjects were available to be queried by qPCR.
Redondovirus positivity was similar in males and females, suggesting no obvious influence
of gender. DNA from oropharyngeal swabs was extracted in single-tube DNeasy PowerSoil
Kit (Qiagen; Hilden, Ge
elutions with buffer C6. Endotracheal aspirate was extracted with a 96-well format of the
same kit. Due to sample availability limitations, a single biological replicate was used for
each sample. No estimation for optimal sample size to detect statistical significance was
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performed for this initial survey. Additional metagenomic sequence data (n = 7,581 human,
animal, and environmental samples) were derived from publically available data
repositories or unpublished studies performed in our lab (n = 173 individual studies or
datasets) (Table S3).

DISCOVERY AND DETECTION IN CLINICAL SAMPLES
Acellular bronchoalveolar lavage (BAL) samples were obtained from prior studies of
organ donors and lung transplant recipients58,104, subjects with sarcoidosis103, and healthy
adults194. Virus-like particle purification, preparation of shotgun DNA libraries,
metagenomic sequencing, within-sample contig assembly and annotation based on
alignment to the NCBI viral database has been previously described58,103,104. Contigs found to
have homology to redondovirus genomes were amplified and cloned from 7 samples.
Primers (Table S1) were designed to amplify redondovirus genome sequences from
DNA extracted from BAL that underwent whole genome amplification with Illustra
GenomiPhi V2 DNA (GE Healthcare; Little Chalfont, UK). PCR was performed with

whole-genome-1.5% ethidium
bromide agarose gels (Figure S1). Amplicons were cloned and validated by using the Sanger
sequence method on an ABI 3730XL (Applied BioSystems; Waltham, MA, USA) instrument.
Full redondovirus genomes were either de-novo synthesized (BioBasic; Markham, ON, CA)
or cloned by Gibson assembly (NEB; Ipswitch, MA, USA) and also verified by Sanger
sequencing.
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To detect redondovirus sequences in BAL samples, a TaqMan-based qPCR assay (Table
S1) was designed targeting the genomic region encoding the capsid gene. For each sample,

avai

water were analyzed on a QuantStudio 5 Real Time PCR System (Applied Biosystems;
Waltham, MA, USA) with the following cycling profile: 20 sec at 95°C for 1 cycle, and 40
cycles of 95°C for 3 sec and 60°C for 30 sec (signal collection). A linearized plasmid
containing the complete Human lung-associated brisavirus RC genome in a pUC57 vector
was used as a 7 point standard curve ranging from 75 to 30,000,000 copies/reaction.
Amplification signal was required in 2 out of 3 wells to be scored as positive.
To survey samples from critically ill and healthy individuals, extracted DNA was first
subjected to SWGA using primers designed with the swga software195. Each reaction

Reactions underwent a step-down amplification process by incubating at 35°C for 5 min,
34°C for 10 min, 33°C for 15 min, 32°C for 20 min, 31°C for 30 min and then 30°C for 16
hours, followed by a heat inactivation step (65°C for 15 min) as previously described195.
-based
qPCR assay (Table S1) that was designed targeting a conserved region of the Cp gene. A
linearized plasmid containing the complete genome of human lung-associated brisavirus RC
was used a 9-point standard curve ranging from 10 to 106 copies per reaction. Negative and
positive controls were included in each run to evaluate inter-assay variability. The positive
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control was 104 copies of the standard curve plasmid containing the viral genome spiked
into DNA extracted from a redondovirus-negative endotracheal aspirate sample and also
subjected to SWGA.

QUERYING VIRAL METAGENOMIC DATASETS
Reads from viral metagenomic projects available in the Sequence Read Archive (SRA)
or MG-RAST or the Human Oral Microbiome Database and from 3 unpublished datasets
from the University of Pennsylvania were processed in the following steps: 1) adaptortrimmed single or paired-end reads were downloaded using fastq-dump31, 2) a sensitive
local alignment of either single reads or read pairs to redondovirus genomes was
performed using Bowtie275; 3) alignments were processed and genome coverage was
calculated with SAMtools117 and BEDtools211 and 4) alignments were visualized with a
custom R (version 3.2.3) script (R packages used: magrittr, ggplot2, reshape2)140,212.

GENOME ASSEMBLY
Samples in which 25% of any redondovirus genome was covered were further
analyzed using the Sunbeam pipeline24 to process reads and to build and annotate contigs
using MEGAhit114 and BLASTn116. Contigs were further refined by overlap consensus
assembly using CAP3213 and manually checked for circularity and presence of key genomic
features with CloneManager 9 (Scientific & Educational Software; Denver, CO).

DNA AND AMINO ACID SEQUENCE ANALYSIS
The EMBOSS einverted utility214, Mfold215 or CloneManager Professional 9 (Scientific &
Educational Software; Denver, CO) was used to predict and visualize energetically favorable
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DNA structural features potentially important for replication. Forna was used to plot stem
loop structures216. Nucleotide and protein alignments were performed using MUSCLE
(version 3.8.31)217. Phylogenetic trees were built using PhyML using the LG amino acid
substitution model218 with sequences from 2-3 representative species of established CRESS
viral families and all full-length protein sequences of novel redondoviruses. Branch support
was quantified by the approximate likelihood-ratio test219 and visualized using FigTree
v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree/). Consensus motif logos were generated
using WebLogo220. C
CD-search221 against the Pfam database (v30.0, E-value < 10-2)222. Protein folding
predictions were done using PHYRE2189 using default parameters.
To predict prokaryotic ribosomal binding sites (RBS), we implemented the algorithm
described in Krishnamurthy and Wang in Python (version 3.6)183. Briefly, we extracted 18
nucleotides in the untranslated region immediately upstream of start codons and searched
for prokaryotic ribosomal binding sites (full: AGGAGG; partial: AGGAG, GGAGG, AGGA, GGAG,
GAGG).
We performed an exploratory analysis of synonymous and non-synonymous
substitution rates, as dN/dS as a marker of selective pressure is untested in CRESS viruses
and may be confounded by overlap of unidentified coding sequence and/or functionally
important DNA secondary structure elements36,223. First, we aligned protein sequences
using MUSCLE217, and built phylogenetic trees with PhyML219 . We then generated codon
alignments using PAL2NAL224 and used HyPhy225 to perform dN/dS analysis. We used
FUBAR226 to predict sites under positive selection. As dN/dS analysis in overlapping genes
is overwhelmed by pressure to maintain the amino acid sequence of two genes, we only
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analyzed the portion of the Cp coding sequence that did not overlap with the ORF3
protein overlapping coding regions were identified and excluded using pyviko227.

QUANTIFICATION AND STATISTICAL ANALYSIS
CO-OCCURRENCE OF REDONDOVIRIDAE AND ANIMAL-CELL VIRUSES
Twenty datasets in which redondovirus genomes were found or were comprehensive
studies of the human DNA virome were chosen for a targeted analysis of human viruses.
Specifically, reads from these datasets were aligned to 133 vertebrate viruses from the
Adenoviridae, Anelloviridae, Herpesviridae, Papillomaviridae, Parvoviridae and
Polyomaviridae families (downloaded from NCBI RefSeq on 20 August 2018). Alignments
were done using the hisss pipeline as described above and analyzed in R (R packages used:
tidyverse, reshape2, Biostrings, taxonomizr, UpSetR)138. Samples were considered positive
for small (<10 kb) DNA viruses if greater than 25% of the target genome was covered.
Samples were considered positive for large DNA viruses (>10 kb genomes), if greater than
10% of the target genome was covered (see Figure S3). The distribution of the frequency of
Redondoviridae and other viral family detection
with Bonferroni correction for multiple testing.

ASSOCIATION WITH HUMAN CLINICAL DISEASE STATES
In studies of periodontitis, the difference in number of redondovirus reads in disease
versus non-disease states were tested using the Wilcoxon signed-rank or rank-sum tests,
depending on whether samples were paired or not.
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DATA AND SOFTWARE AVAILABILITY
The accession numbers for the viruses sequenced and reported in this paper are
GenBank: MK059754-MK059772. Full details of each step of the Snakemake pipeline used
in this report are available at https://github.com/louiejtaylor/hisss. The script used for RBS
analysis is available at https://github.com/louiejtaylor/find-prok-rbs.
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A-Several hundred shotgun metagenomic reads from two organ donor BAL virome
samples were identified as having limited homology to Porcine stool-associated circular
virus 5 (PoSCV-5). Reads from these samples were assembled into two contigs, which were
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then cloned from multiple displacement amplified sample DNA using target specific primers
and Sanger sequenced. The complete circular genomes were used to query additional
internal and public microbial metagenomic datasets. Target-specific amplification,
sequencing and genome assembly was repeated for additional samples with sequences
homologous to these novel genomes if the original DNA was available. In cases where
original samples were not available, metagenomic contigs were checked for circularity and
completeness. A total of 19 complete genomes were recovered from 67 human samples
(bottom). See also Figure S1.
B-The genomic architecture of redondoviruses shows ambisense open-reading frames
(ORFs) encoding a conserved capsid, Replication associated protein (Rep) and unknown
protein (ORF3). The average nucleotide identity of 20 Redondoviridae members (19
genomes discovered here and one genome previously reported181) is shown on the inside of
the genome map as a heatmap. A putative origin of replication stem-loop structure with a

The height of the letter in the motif represents its frequency.
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Redondoviridae

Phylogenetic trees of redondovirus Rep (A) and capsid (B) proteins from CRESS DNA
viruses. Collapsed viral genera or families are indicated by grey triangles. Branch likelihood,
determined by approximate likelihood ratio test, is shown by colored circles at each node
and the scale shows amino acid substitutions per site. The sample type of origin for each
redondovirus is shown as colored boxes next to each virus' name, which is colored to reflect
genus designation. See also Table S2.
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A-The sequence and predicted structure of the putative replication origin of Human
lung-associated brisavirus AA is shown in the top left. The inverted repeat forming the stem
is shown in orange, the nonanucleotide motif within the loop is shown in green, and an
imperfect 6 bp direct repeat sequence is shown in purple. Individual predicted stem loop
-5 kcal/mol) are shown to the right of the folded
-loops ranges from -5.0 to 9.45 kcal/mol.
B-Conserved rolling circle replication and superfamily 3 (SF3) helicase motifs were
found in redondoviruses. The positions for the motifs are given using the Human lungassociated brisavirus AA genome sequence (Accession MK059754). The height of each
letter represents its frequency. Amino acid positions identified as possibly under positive
selection pressure are marked by a red star.
C-The putative redondovirus capsid protein contains a basic amino-terminus and a
predicted virus coat protein-like fold. The positions for the motifs correspond to Human
lung-associated brisavirus AA, as above. Amino acid positions identified as possibly under
positive selection pressure are marked by a red star.
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4.

A-Reads from 173 metagenomic datasets encompassing different human and nonhuman sample types were aligned to redondovirus genomes. A positive hit was determined
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based on 25% coverage of any redondovirus genome by short-read alignment. The
percentage of samples that were positive is plotted on the y-axis and human body sites and
other sample types are shown on the x-axis. The total number of samples analyzed in each
category is annotated above and the total number of positive samples is indicated within
the bar. See also Table S3.
B-The clinical status breakdown, if available, of redondovirus-positive samples is
shown.
C-Reads from a subset of 20 datasets across 9 body sites were analyzed for homology
to 20 redondovirus genomes and 133 animal-cell DNA viruses from six viral families. The
height of each column represents the total number of samples that had detections of
multiple viral families (rows). The viral families included in the co-detections are depicted
as filled dots connected with lines below. The length of the bars on the left represents the
total number of samples in which that viral family was detected. Cases where
redondoviruses were detected are indicated in blue. See also Figure S2 and S3.
IBD, inflammatory bowel disease
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A-Quantification of redondovirus genome sequences in post-SWGA DNA from
oropharyngeal swabs (oropharynx) from 60 healthy volunteers, and oropharyngeal swabs
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and endotracheal aspirates (lung secretions) from 67 critically ill subjects. The average
cycle of threshold (Ct) value of technical replicates is plotted on the y-axis. Samples with
undetermined (i.e: no amplification) value in all 3 replicates are assigned an arbitrary value
above the Ct value of the limit of resolution of the assay (37) which corresponds to 11 target
copies per reaction. Samples below this value are counted as authentic detections. Negative
controls included extraction blanks, reagent blanks and no template controls. Positive
controls represent replicates of 104 copies of Human lung-associated brisavirus RC spiked
into DNA extracted from a redondovirus-negative lung sample, subjected to SWGA, and
assayed by qPCR.
B-qPCR was used for redondovirus detection in respiratory and/or stool samples from
67 subjects in the medical intensive care unit (ICU). Six total subjects were positive for
redondoviruses. The time point and type of sample surveyed for these six subjects is shown
on the x- and y-axis, respectively. Positive samples are indicated by a filled-circle and
negative samples by an open circle.
C-Number of reads mapping to a redondovirus in periodontitis samples from Shi et al.,
2015196. Each point represents the average of all samples from a particular individual either
before treatment (red) or after disease resolution (blue). Points from the same subject are
connected by grey lines. The horizontal black line indicates the median. The Wilcoxon
signed-rank test was used to test for paired differences between groups.
D-Each point represents the number of reads mapping to a redondovirus in samples
from Califf et al., 2017 from subjects with periodontitis whose disease either did (blue) or
did not (red) improve during the study197. The horizontal black line indicates the median.
The Wilcoxon rank-sum test was used to test for differences between groups. See also Table
S4.
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4.

A-PCR amplicons of the expected size were observed from whole-genome amplified
DNA from the BAL sample where Human lung-associated brisavirus RC was discovered. The
outward facing primer set (blue) yielded a 600 bp product which was sequenced by the
Sanger method and used to complete genome assembly. Irrelevant lanes from the gel were
digitally eliminated and splicing of multiple gel images is indicated by white lines.
B-Examples of approximately 3000 base pair products of two different outward facing
sets of primers are shown. These represent, from left to right, the complete genomes of
Human lung-associated vientovirus FB and Human lung-associated brisavirus MD, AA and
II. DNA species visualized with ethidium bromide on a 1% agarose gel are shown.
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C-qPCR, performed in triplicate, was used to detect redondovirus sequences in
acellular human bronchoalveolar lavage (BAL) samples after multiple displacement
amplification. The average Ct value of replicates with any detection of redondoviruses is
plotted on the y-axis. Samples with undetermined (i.e: no amplification signal) values in all
3 replicates are plotted at an arbitrarily high value of 35. The cycle of threshold value of the
limit of quantification of the assay was 31, corresponding to 75 target copies per reaction.
Samples falling below this value were counted as authentic detections. Sample types
surveyed included BAL from organ donors, lung transplant recipients, and individuals with
various lung diseases. BAL prewash samples represent the saline solution passed through
the broncho- scope before insertion into patient. The BAL prewash point near the limit of
detection represents a single replicate, with the other two replicates yielding values below
the limit of detection. Extraction controls represent sterile water processed through DNA
extraction kits. NTC; no template control
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4.2

Reads from 2,675 human samples were aligned to 20 Redondovirus genomes and 133
human DNA viral genomes from 6 families from the NCBI RefSeq database. The log10
number of mapped reads (x-axis) and the fraction of target genome covered (y-axis) for
each sample is plotted. Sample types are colored based on human body site or control. Each
panel represents detection of a separate viral family. The dotted line represents the
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empirically determined threshold, based on examining depth and breadth of aligning reads
across viral genomes, for calling a positive detection of a given viral family.
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4.3

Reads from 13 metagenomic datasets encompassing 916 oro-respiratory sample types
(lung, oral, or nasopharyngeal) were aligned to 20 redondovirus genomes and 133 animalcell DNA viruses from six viral families. A positive hit was determined as described
previously. The length of each bar represents the total number of samples in which
members of each viral family were detected.
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Noncoding
(downstream)

Feature

Redondoviridae

Circoviridae

Size (kb)

3.0-3.1

1.7-2.0

ORFs

Cp, Rep, ORF3

Cp, Rep,
ORF3/4

1.0 * 6
segments
Cp, Rep,
others

Ambisense

Ambisense

TATTATTAT
Noncoding
(upstream) / in
Rep

ORF
orientatio
n
Origin
sequence
Origin
location

Nanoviridae
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SUPPLEMENTARY TABLE LEGENDS
4.

4.

4.

4.

4.

4.

Based on definitions in Varsani and Krupovic4 and the analysis of the diversity of viral
Rep proteins, Redondoviridae genomes can be grouped into two genera, demarcated by
50% Rep protein identity, which we propose be called Vientovirus and Brisavirus, from the

4.

4.

The number of samples in each study represents the total samples uploaded to the
central database. However, only samples that were determined not to be 16S, ITS or other
targeted amplicons were analyzed by the pipeline described here. SRA; Sequence Read
Archive, MG-RAST; Metagenomic Rapid Annotations using Subsystems Technology, HOMD,
Human Oral Microbiome Database
4.
Metadata from Shi et al., Califf et al., and Kumar et al. related to periodontitis disease
and treatment status196,197,199
to the number of reads mapping to and fraction coverage of the best (highest-coverage)

total number of reads and bases in the metagenomic data. Periodontal Disease (PD) status is

column (samples from Shi et al. were listed as Not Applicable (NA) as recovery from
periodontal disease was an inclusion criterion for the study, rather than a measured
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(T =Treatment, C = Control). Inflammation score is included from Shi et al. IL1-B levels
(pg/ml), rating, and treatment time point are included from Kumar et al.
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CHAPTER 5
REDONDOVIRUS DIVERSITY AND
EVOLUTION ON GLOBAL, LONGITUDINAL,
AND MOLECULAR SCALES

The contents of this chapter are in preparation for publication as:
Louis J. Taylor, Marisol I. Dothard, Meagan A. Rubel, Audrey A. Allen, Young Hwang,
Aoife M. Doto, Jevon Graham-Wooten, Ayannah S. Fitzgerald, Layla A. Khatib, Alessia
Rancario, Simon R. Thompson, William Beggs, Michael C. Campbell, Gaonyadiwe G.
Mokone, Sununguko Wata Mpoloka, Charles Fokunang, Alfred K. Njamnshi, Julius
Fonsah, Andre Essiane, Valentine Ndze, Eric Ngwang, Eric Mbunwe, Dawit
Woldemeskel, Dawit Abate, Gurja Belay, Thomas Nyambo, Sarah A. Tishkoff, Ronald
Redondovirus diversity and evolution on global,
longitudinal, and molecular scales
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ABSTRACT
Redondoviridae is a newly-identified family of circular Rep-encoding single stranded
(CRESS) DNA viruses found in human oral and respiratory samples. Redondoviruses were
previously found in ~10% of nasal, oral or lung specimens from US urban subjects and
levels were elevated in people with periodontitis or critical illness. Here, we addressed
redondovirus diversity and dynamics on global, individual, and molecular scales. We found
markedly higher redondovirus prevalence in three rural African populations than
comparably-sampled US subjects (61-82% vs. 8%; p< 0.00001). Limiting-dilution singlegenome sequencing (SGS) on longitudinal samples from two US individuals, demonstrated
diverse redondovirus strains representing both redondovirus species (Brisavirus and
Vientovirus). Sequence variants persisted for up to two years of sampling and showed
evidence of recombination. SGS of African variants revealed that both species were also
present globally. Computational analysis of viral recombination hotspots identified a
strongly favored breakpoint associated with the inferred viral replication origin. We
confirmed that this site was a target of Rep cleavage in vitro, and demonstrated sequencespecific DNA strand transfer mediated by a Rep covalent intermediate. Thus,
redondoviruses are distributed worldwide with varying prevalence in different regions and
show extensive heterogeneity within and between individuals; these data also provide a
molecular mechanism for global patterns of redondovirus genomic diversity.

INTRODUCTION
Redondoviridae is a recently identified family of small DNA viruses predominantly
present in the human oro-respiratory tract62,181,228. Redondoviruses were the second-most
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prevalent DNA virus family identified through metagenomic sequence analysis in human
airway samples62. Elevated levels of redondovirus have been found in periodontitis, critical
illness, and severe respiratory disease in humans62,229. The

family falls

under the newly established phylum Cressdnaviricota and is the sole family within the new
order Recrevirales 56.
Redondoviruses possess a covalently closed, circular DNA genome 3kb in length with
open reading frames (ORFs) encoding putative capsid (Cp) and replication-associated (Rep)
proteins in ambisense orientation. Two redondovirus species named Brisavirus and
Vientovirus have been defined by >50% or greater identity in the Rep amino acid sequence.
Similar to Rep proteins in other CRESS viruses, redondovirus Rep proteins include a
helicase and nuclease domain that likely mediate viral replication41,51,52. All redondoviruses
also encode a third open reading frame, ORF3, which overlaps with the Cp ORF. ORF3 lacks
homologues outside of the Redondoviridae family and contains no conserved domains, so its
function is unknown. Redondoviral genomes also contain a conserved stem loop secondary
structure proximal to the start codon of the Rep ORF62. This structure is conserved in all
redondoviruses, although the sequence differs between redondovirus species, and may be
cleaved by Rep during viral replication.
Redondovirus prevalence has been reported in the range of 2-15% in different
populations, locales, and sample types by qPCR62,63,229. These studies have focused on
industrialized populations from the US and Europe, so the global prevalence of
redondovirus remains unclear. Additionally, while redondovirus has been shown to persist
in humans at least over a period of weeks62, nothing is known about long-term persistence,
genomic diversity within humans, and viral evolution over time. Here, we investigate the
prevalence of redondoviruses in non-industrialized populations, define redondovirus
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sequence diversity in different locales through genomic sequencing, and within subjects
over time. Through analysis of redondoviral genome sequences, we identify signatures of
redondoviral evolution through intragenomic recombination, and provide functional
evidence for a role of Rep in this process.

RESULTS
REDONDOVIRUS SPECIES ARE GLOBALLY DISTRIBUTED AND HIGHLY
PREVALENT IN AFRICAN POPULATIONS
Previous qPCR estimates of redondovirus prevalence in human oro-respiratory
samples range from 2-15%62,63,229. However, these samples represent populations in
industrialized countries (US and Europe) and were collected from different sites along the
oro-respiratory tract. To explore the global prevalence of redondoviruses, we performed
qPCR screens for redondovirus DNA on saliva samples from healthy subjects living rural
regions of four African countries (Botswana, Ethiopia, Tanzania, Cameroon), along with
saliva from healthy US subjects.
Similar to previous findings in other oro-respiratory sample types, 8.0% of saliva
samples from US individuals (n=50) were positive for redondovirus DNA. In contrast,
redondovirus DNA was present in a substantially higher proportion of saliva samples from
African individuals (Table 5.1, Figure 5.1A) 70% from Botswana (n=96), 69% from
Ethiopia (n=87), 61% from Tanzania (n=92), and 82% from Cameroon (n=93). We surveyed
subjects from populations representing both hunter-gatherer and agropastoralist groups,
but found no differences in prevalence between the groups. Overall, 70% of saliva samples
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from African populations were positive for redondovirus DNA, significantly higher than the
rate of 8% from our US cohort (p< 0.00001 by Chi-Squared test; US vs all African samples).
To define redondovirus genome sequence diversity in African subjects, we performed
limiting dilution single-genome sequencing (SGS) on a subset of subjects. Limiting-dilution
analysis prevents recombination during PCR reactions, which can yield artefactual
composite sequences230,231. We sequenced 18 complete redondovirus genomes from six
individuals from Cameroon and Ethiopia (Figure 5.1B). These genomes were not
phylogenetically distinct from previously-sequenced genomes, and Rep protein sequences
met the criteria for membership within the Vientovirus and Brisavirus species228.
Thus the prevalence of redondovirus is substantially higher in African individuals
compared to the US individuals surveyed, but the redondovirus genomes sequenced do not
represent new genera or species. Together with redondovirus genomes sequenced from
additional countries (Figure 5.1C), this data suggests that the two redondovirus species are
globally distributed in humans.

MULTIPLE REDONDOVIRUS GENOTYPES CAN SIMULTANEOUSLY
COLONIZE HUMAN INDIVIDUALS, AND SOME PERSIST OVER TIME
We previously showed that individuals may be persistently positive for redondovirus
DNA over several weeks at multiple oro-respiratory sites62, but redondovirus sequence
diversity within individuals or over time remains unexplored. Humans are known to be
stably colonized over long periods by another family of small, circular DNA viruses, the
anelloviruses11,58,104,128. We therefore performed SGS on longitudinal samples from two
longitudinally-positive individuals from our previously-described cohort of critically ill
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patients62, including a follow-up specimen from one obtained two years after initial
sampling.
Subject 1 was positive for redondoviral DNA in endotracheal aspirate and
oropharyengeal swab samples at two timepoints separated by two years; subject 2 was
positive for redondoviral DNA in multiple endotracheal aspirate and oropharyngeal swab
samples over 20 days. Using limiting dilution single-genome sequencing (SGS), we
sequenced 43 genomes in total; 31 from Subject 1 and 12 from Subject 2. Sequencing single
redondovirus genomes showed marked heterogeneity of virus populations within each of
the two subjects (Figure 5.2). We confirmed that our limiting dilution captured authentic
single genomes by comparing the results of SGS, which yielded homogenous Rep sequences,
to bulk sequencing without limiting dilution, which aligned to multiple Rep types (Figure
S5.2).
We then sought to analyze redondovirus diversity over time within subjects. In order
to query persistence of individual genotypes, we defined a cutoff between genotypes by
performing pairwise alignments between all genomes identified from each subject, and
between all complete redondovirus genomes from the NCBI nucleotide database (Figure
S2). Multiple groups of genomes within each subject exhibited extremely high (>99%)
nucleotide sequence identity in contrast, no two database genomes were more than 99%
identical (Figure S5.3). Thus we used a cutoff of 99% sequence identity to group
redondovirus genome sequences within subjects into genotypes.
Subjects were positive for multiple genotypes of redondovirus both at single
timepoints and over time (Figure 5.2A). In subject 1, the same redondovirus genotype was
present at timepoints separated by two years. Additionally, both redondovirus species were
simultaneously present at individual timpoints in both of the two subjects (Figure 5.2A-B;
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Figure S5.4). These data demonstrate that humans can be colonized by multiple species and
genotypes of redondovirus at a single timepoint, and that redondovirus genotypes can
persist over time. Evidently redondovirus is not efficiently cleared by the immune system at
least in some individuals, paralleling persistent colonization of humans by many other
viruses including anelloviruses.

REDONDOVIRUS SEQUENCES ARE NOT FOUND INTEGRATED IN HUMAN
CANCERS
Some Rep-encoding viruses and transposable elements integrate into host genomic
DNA as a persistence mechanism, or can become integrated by host cell machinery210,232 , in
either case potentially contributing to transformation and human cancer. We thus sought to
survey previously determined full genome sequences from cancer cells to search for
integrated redondoviral genomes. We screened data from the Cancer Genome Atlas (TCGA)
an archive of genomic sequencing data from healthy and cancerous human cells and tissues
233

This strategy has been previously employed to identify novel DNA viruses integrated

into the human genome234.
To query redondovirus integration in human cells, we downloaded whole-genome
shotgun (WGS) sequence reads from TCGA corresponding to a variety of cancer types and
aligned the reads against all sequenced redondovirus genomes. As a positive control, we
also aligned reads to the human papilloma virus type-16 (HPV-16), as it integrates to cause
cancer in multiple body sites235,236. While we found hits to HPV-16 in head-and-neck and
cervical sites, we did not identify reads aligning to redondovirus genomes in any sample
type (data not shown), thus failing to support the idea that redondoviruses are integrated in
human cells or involved in human cancer.
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REDONDOVIRUS RECOMBINATION UNDERLIES GENOMIC DIVERSITY
Within subjects, we noted that highly similar Cp proteins were often paired with
divergent Rep proteins (Figure 5.2A). To better define this phenomenon, we clustered Rep
and Cp amino acid sequences from SGS genomes at 99% amino acid sequence identity and
plotted the pairings between Cp and Rep proteins identified at different time points (Figure
5.2C). This showed that the same Cp cluster was often paired with divergent Rep proteins.
In subject 1, two distinct Reps were paired with the same Cp, while in subject 2, four distinct
Reps were paired with the same Cp protein (Figure 5.2C). Taken together with previous
observations of discordance between phylogenies of redondovirus Cp and Rep proteins
62,228,

these data suggest that recombination is a common mechanism contributing to to

redondoviral evolution.
Recombination is known to be common in some families of CRESS DNA viruses184,237
239.

To query whether recombination is common among redondoviruses, we performed a

recombination breakpoint analysis of redondovirus genome sequences using RDP4240
(Figure 5.3 and Figure S5.5). We identified significant recombination hotspots in intergenic
regions between Cp and Rep (Figure 5.3). Additionally, testing for imbalanced coinheritance
of nucleotide pairs186 showed that the Cp coding region was frequently separated from the
Rep coding region by recombination breakpoints (Figure S5.4). Both of these observations
are consistent with the pattern of divergent Cp-Rep pairings observed within individuals, as
well as previous findings that redondovirus Cp and Rep from different individuals exhibit
distinct phylogenies62,228. The lack of recombination breakpoints within Rep parallels
observations from other established CRESS virus families239.
The predicted recombination breakpoints are highly concentrated close to a predicted
stem loop secondary structure (Figure 5.3) that is conserved across redondovirus
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genomes62. Because stem loop structures are often cleaved by Rep in other CRESS DNA
viruses51,52 and free DNA ends promote recombination241

243,

this led us to hypothesize a

role for Rep in redondovirus recombination and as a driver of redondovirus genomic
evolution.

REP CATALYZES DNA BREAKING AND JOINING REACTIONS RELEVANT TO
RECOMBINATION
Rep proteins are multifunctional enzymes that orchestrate replication of a variety of
mobile DNA elements41,47,52,210. To facilitate viral replication, Rep generally performs DNA
nicking and joining reactions, exhibits sequence- and structure-specific DNA binding, and
has helicase activity51,244,245. In some CRESS viruses, recombination hotspots have been
located near the Rep cleavage site184. To test whether redondovirus Rep may play a role in
redondovirus evolution by recombination, we carried out

reactions to investigate

Rep activities.
To query whether Rep nicks the stem loop near the recombination hotspot, we
expressed and purified Rep from Vientovirus-FB in
fluorescently-labelled oligonucleotide stem loop. Vientovirus-FB Rep catalyzed strandspecific, magnesium-dependent cleavage of the oligonucleotide stem loop (Figure 5.4A).
Vientovirus Rep showed reduced activity on a Brisavirus stem loop substrate (Figure 5.4AB). In reciprocal reactions, Brisavirus-AA Rep showed a similar pattern of robust activity on
Brisavirus stem loop substrate but limited activity on Vientovirus substrate (data not
shown). Thus, Rep catalyzes sequence-specific DNA nicking, and specificity for the cognate
stem loop may help enforce reproductive isolation between the two Redondovirus species.
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We next investigated the fate of Rep after DNA nicking. Specifically, Rep proteins may
form a covalent intermediate with viral DNA, which then breaks down by a
test for covalent
intermediate formation, we reacted Vientovirus-

-labelled fluorescent

oligonucleotide, and analyzed the result via SDS-PAGE (Figure 5.5A). Compared to Rep
alone, the fluorescent SDS-PAGE band ran ~10kDa larger (50 kDa vs. 40 kDa actual protein
size), suggesting that Rep forms a covalent protein-DNA intermediate after nicking (Figure
5.5A).
This led us to hypothesize that Rep could join a covalently bound genome

to

another genome within the same cell, thus accounting for the observed high level of
recombination at the stem loop target. To test this hypothesis, we queried whether Rep was
capable of joining nicked DNA to a
Vientovirus-

-introduced DNA substrate. We incubated

-end fluorescently labelled oligo to form a covalent

intermediate, then chased with an excess of a longer, unlabelled DNA strand (Figure 5.5B).
Electrophoresis of reaction products showed accumulation of labelled product of a larger
size than the input stem loop. Thus we infer that Rep rejoined the covalently bound, nicked
stem-loop DNA to the newly-introduced substrate, consistent with a role for Rep in intermolecular recombination at this site.
These data suggest a potential model for redondoviral DNA replication and
intragenomic recombination (Figure 5.5C). Host DNA polymerase likely synthesizes the
complementary strand of the redondoviral ssDNA genome. Nicking of this dsDNA
replication intermediate by Rep forms a covalent protein-DNA intermediate and exposes a
-OH, allowing for continued DNA extension by host DNA polymerase. After the viral
genome has been fully replicated, Rep performs a joining reaction. Joining in

results in
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the release of a circular, ssDNA viral genome, which can then be packaged or undergo
further rounds of replication. Joining in trans, i.e. to a different redondovirus genome,
initiates recombination by forming a chimeric dimer of two redondoviral genomes. In
CRESS viruses, genomic dimers can be processed into infectious monomers in mammalian
cells246,247. While the mechanism by which this occurs is unknown, a similar process could
result in the resolution of recombinant redondoviruses.

DISCUSSION
In this study, we investigate redondovirus diversity and dynamics at scales from global
to molecular. We demonstrate that redondoviruses are globally distributed and highly
prevalent in oral samples from non-industrialized African populations. Through limitingdilution single-genome sequencing from redondovirus-positive subjects, we find that
humans can be positive for multiple species and genotypes of redondovirus at a single
timepoint. We also identify redondovirus genotypes that persisted over time, including up
to two years, and identify signatures of recombination within redondovirus genomes.
Recombination events in redondoviral genomes were concentrated in or near intergenic
regions, providing an explanation for the apparent phylogenetic independence of
redondovirus Cp and Rep. The highest concentration of predicted recombination events was
located near to the stem loop structure predicted to be cleaved by Rep, so we investigated a
possible role for Rep in mediating viral recombination. Redondovirus Rep catalyzes
multiple reactions likely important for viral recombination, including DNA nicking, covalent
Rep-DNA intermediate formation, and joining to

introduced DNA substrate. These

data support a role for Rep in redondoviral evolution by facilitating inter-genomic
recombination.
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Redondovirus prevalence of 70% in saliva samples found here in non-industrialized
African populations was substantially higher than data previously reported in industrialized
settings, as well as our current US saliva samples (8%). The reason for this difference is
unclear. As redondoviruses were identified to be elevated in periodontitis62, oral health is
one potential explanation for this difference. High rates of oral disease exist in some rural,
non-industrialized populations in Africa248,249. While we lack data on oral health for this
cohort, future studies could investigate this directly either through collecting data on oral
health during sample collection or experimental perturbation of oral hygiene. Additionally,
understanding the true prevalence of colonization in different populations would be aided
by serologic or similar tests not yet available. The African individuals sampled in this study
come from hunting and gathering and small-scale agriculture/pastoralist
("agropastoralist") subsistence practices and live in remote areas. The high abundance of
redondovirus genome copies as compared to industrialized populations may be linked to
other factors in these populations not explored here including traditional diet, lifestyle, and
disease.
In our longitudinally-sampled individuals, we detected multiple species and genotypes
of redondovirus at a single timepoint, reminiscent of human colonization by diverse
anellovirus swarms11,58,104,128. Single redondovirus genotypes were detected at multiple
timepoints, including over two years, the longest interval investigated during this study.
Although these were not healthy subjects, these data demonstrate that redondovirus may
establish persistent infections in some individuals. Further longitudinal study of healthy
volunteers is necessary to determine whether redondoviruses establish persistent
infections in healthy humans.
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Redondoviruses have similarities and differences with anelloviruses, the most common
known human circular ssDNA virus. Anelloviruses persistently colonize humans, with
prevalence estimates above 90% in healthy adults across different populations worldwide,
and are found in blood and multiple tissues104,250

253.

Redondoviruses also can persistently

colonize humans but are predominantly present in the oro-respiratory tract and have not
been identified in blood samples62,229 and prevalence based on qPCR detection varies from
2-70% in different locales. Similar to the results from our limiting-dilution redondovirus
SGS, multiple strains of anellovirus can be present within individuals at a single
timepoint57,58,104. However, a unique feature of redondovirus is the apparant modular nature
of genomes, with evidence for interchange between Cp and Rep regions, suggesting that
recombination may play a major role in diversity and evolution.
Our biochemical data provide evidence consistent with a role for redondovirus Rep in
inter-genomic recombination. We demonstrate that Rep nicks the stem loop, likely the viral
replication origin, proximal to the recombination hotspot. After nicking, Rep forms a
covalent protein-DNA intermediate, and is capable of rejoining the covalently-bound DNA
fragment to a newly-introduced DNA end. These functions are consistent with a role for Rep
in redondovirus recombination. As Rep proteins are multifunctional and are frequently
involved in multiple steps in the viral replication cycle41,47,49, the reactions characterized
here are probably also important for viral replication. Going forward, a cell culture system
for redondoviruses would advance the understanding of redondoviral replication and
recombination, as has been used to study other CRESS viruses in culture237.
In summary, we show that redondovirus prevalence in saliva is approximately 70% in
multiple African countries, significantly higher than a comparison cohort in the US (8%) and
previous reports of redondovirus prevalence in US and multiple European countries
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(~10%). We show that both species of redondovirus are present globally, that diverse
redondovirus genotypes colonize humans, and that genotypes can persist over time periods
of up to at least several years. We find that recombination in intergenic regions, and
especially near the conserved stem loop structure in redondovirus genomes, commonly
contributes to redondovirus genomic diversity. Finally, using

assays with purified

Rep protein, we demonstrate that redondovirus Rep performs nicking and joining reactions
consistent with a role for Rep in mediating redondovirus recombination and replication.

METHODS
ETHICS STATEMENT
Oro-respiratory samples from US subjects were collected after written informed
consent under protocols approved by the University of Pennsylvania Institutional Review
Board (protocols #842613 and #823392).
For all African study participants, written, informed consent was obtained and
research/ethics approvals were obtained from the following institutions prior to the start of
sample collection: Institutional Review Board of the University of Pennsylvania (IRB #
807981), the Cameroonian National Ethics Committee and the Cameroonian Ministry of
Public Health, the Tanzanian Commission for Science and Technology and National Institute
for Medical Research in Dar es Salaam, the Ministry of Health in the Republic of Botswana,
the Federal Democratic Republic of Ethiopia Ministry of Science, and the Technology
National Health Research Ethics Review Committee of Ethiopia. All samples were coded
with an alphanumeric identifier to protect participant confidentiality.
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SAMPLE COLLECTION AND DNA ISOLATION
Saliva samples were collected from participants across multiple seasons of fieldwork in
four sub-Saharan African countries: Cameroon (collection in 2015), Tanzania (2011/2012),
Ethiopia (2010), and Botswana (2013). Within each country, participants were sampled
from hunting and gathering and agropastoralist subsistence groups. We sampled Baka
hunter-gatherers (N = 46) and Tikari agropastoralists (N = 47) in Cameroon, Hadza huntergatherers (N = 46) and Burunge agropastoralists (N = 46) in Tanzania, Sabue huntergatherers (N = 39) and Amhara agropastoralists (N = 48) from Ethiopia, and Ju'Hoan
hunter-gatherers (N = 48) and Tswana agropastoralists (N = 48) in Botswana, for a total of
368 African saliva samples. Saliva samples from healthy Philadelphians (N=50) were
collected in 2020.
For Ethiopian populations, 2 ml saliva was collected using the Oragene kit. All other
African populations had 2 ml of saliva collected and stored in 2 ml lysis buffer. Following
collection, samples were kept at room-temperature until extraction.
DNA was extracted using the Qiagen DNeasy Blood and Tissue Kit (Qiagen Ltd., West
Sussex, United Kingdom) with a user-developed protocol for saliva available at:
https://www.qiagen.com/us/resources/download.aspx?id=22471a48-832e-488d-8be62b308133b88a with the following modifications: 250 ul saliva was used as starting input
instead of 1ml in step 1; 250 ul of ethanol was used instead of 200 ul in step 5; a repeat
elution step was done using the initial eluate to maximize DNA yield. DNA purity was
determined using a Nanodrop 2000/200C spectrophotometer (Thermo Fisher Scientific,
USA) and DNA yield was measured using PicoGreen (Affymetrix) quantification.

REDONDOVIRUS SWGA AND QPCR
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Redondovirus selective whole-genome amplification (SWGA) and qPCR was performed
as previously described62,195. SWGA was carried out using the Phi29 DNA polymerase kit
(NEB) and a 100 uM primer pool consisting of 20 primers (IDT, Sup X) that encompass
conservative segments of the Redondovirus genome. DNA extracted from samples was
subject to SWGA using the following PCR conditions on a Veriti 96-well thermocycler
(Thermo Fisher Scientific, USA): 35°C for 5 minutes, 34°C for 10 minutes, 33°C for 15
minutes, 32°C for 20 minutes, 31°C for 30 minutes, 30°C for 16 hours, and a final extension
at 65°C for 15 minutes.
To detect redondovirus, in SWGA-amplified samples were run in duplicate in a realtime qPCR reaction using TaqMan Fast Universal PCR (2x) MasterMix (Applied Biosystems)
and a combination primer/probe mix (IDT) based on conserved segments of the
-GGATGCCATGAAACTTTGATACTCTTCCTCCTTATTTGTATGGC-

-

-CCCATACTTACGCCGGTTACCTGC-

and probe had final concentrations of 18 uM and 5 uM, respectively. To quantify positive
samples, a standard curve made from serial dilutions of a plasmid containing the cloned
genome of Brisavirus-AA was run in triplicate on every qPCR. qPCRs were run on a

To be considered positive, samples had to show qPCR amplification in both technical
replicates. Nontemplate controls and extraction controls were included in qPCR assays; no
negative controls showed amplification.

LIMITING-DILUTION SINGLE-GENOME AMPLIFICATION AND SEQUENCING
Positive sample DNA was diluted from stock DNA concentrate across 96 well plates to
achieve 1:5, 1:50, 1:100, 1:200, 1:400, 1:800, 1:1600, and 1:3200 dilution technical
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replicates that were then subjected to SWGA and qPCR as described above. Positive wells
from rows with four or fewer positive wells were subjected to redondovirus whole-genome
PCR using primers landing back-to-back on the redondoviral genome. At that level of
positivity, each well had >90% chance to contain only one redondoviral genome by the
binomial distribution231. To recover complete redondovirus genomes, two whole-genome
PCRs were performed with non-overlapping primer sets (
CCTTTGGTCTCGAAATCTTCCTATACTGG -

-

- AGGCCTCTCTCCCTTCCATTTGG -

- GGTTATCGTTCATTTGATCATGCATTAGTACC-

-

ACCAAGATGTTTAAGCCCTTTAGTTAATGTTTC England Biolabs) and the following PCR settings: 98°C for 30s; then 35 cycles of 98°C for
10s, 55°C for 15s, 72°C for 1m30s; followed by a final extension of 10m at 72°C. The ~ 3kb
PCR products were visualized on a 1% agarose gel, then excised and purified from gels

one modification of a 15 ul water final elution.
After gel extraction, libraries were prepared from PCR products using the Nextera XT
library preparation kit (FC-131-1002; Illumina). Libraries were sequenced using the
Illumina MiSeq platform (Illumina).

READ PROCESSING AND GENOME ASSEMBLY
Genomes were built from FASTQ-formatted reads processed using Sunbeam version
2.124, a Snakemake-based pipeline60, as follows:

Quality control was performed as previously described24,62. Adapter trimming was
performed by trimmomatic109; quality control was performed using FastQC110. Low108

complexity reads were filtered using komplexity24. Host reads were mapped to human and
PhiX genomes using bwa111 and removed.

Contigs were assembled from quality-controlled reads using MEGAHIT114 and
annotated using BLAST against a database of 20 published redondovirus genome
sequences62,116. Using the sbx_select_contigs Sunbeam extension
(https://github.com/ArwaAbbas/sbx_select_contigs), contigs with homology to
redondoviruses (as annotated by BLAST) were extracted and overlap-assembled using
CAP3213. The resulting contigs were manually inspected to identify draft genomes,
circularized based on the overlaps identified by sbx_select_contigs, and polished by aligning
quality-controlled reads to the draft genomes. Rare assembly errors were manually
corrected by visualization of alignments using IGV122.

DNA AND AMINO ACID SEQUENCE ANALYSIS
Phylogenetic analyses were performed as previously described62. DNA and protein
sequence alignments were performed using MUSCLE (version 3.8.31)217. Phylogenetic trees
were constructed from sequence alignments using PHYML218; branch support was
quantified by the approximate likelihood-ratio test219. Phylogenetic trees were visualized
using using FigTree v1.4.3 (http://tree.bio.ed.ac.uk/software/figtree). For genotype
classification and protein clustering, full-length redondovirus genomes or redondovirus
amino acid sequences were clustered using VSEARCH145. Analysis of recombination patterns
in redondovirus genomes were carried out using RDP4240. as described by Lefeuvre and
colleagues186. All available genome sequences were used for this analysis, but to avoid bias
introduced from repeated isolation and sequencing of the same or highly similar genomes
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in our limiting-dilution SGA analysis, we included only one sequence per redondovirus
genotype in the recombination pattern analysis.

REP PROTEIN PURIFICATION AND BIOCHEMICAL ASSAYS
Codon-optimized, Vientovirus-FB Rep protein with an N-terminal His-FLAG-SUMO
tag254 was expressed in HI-Control BL21(DE3) cells (Lucigen). One liter cultures in LB broth
were grown to an OD600 0.6-0.8 at 37C, then induced by adding 250 ul of 1M IPTG and
incubating for 3h at 37C. After induction, bacterial pellets were resuspended in 30ml chilled
Ni-binding buffer (20 mM HEPES (pH7.5), 1M NaCl, 20 mM imidazole) with cOmplete Mini
protease inhibitor (Roche), followed by addition of 100 ul of 100mg/ml lysozyme and
incubation on ice for 30 min. All subsequent steps were performed at 4C. Then, lysates were
sonicated six times for 30s each, followed by centrifugation at 15,000 x g for 30 minutes.
Cleared lysates were applied to 5 ml Ni-NTA columns (Qiagen), then washed with 10x
column volume (CV) of Ni-binding buffer. Protein was then eluted with Ni-elution buffer (20
mM HEPES (pH7.5), 1M NaCl, 200 mM imidazole). After elution, 50ug His-SUMO protease
(kindly provided by GD Van Duyne) was added to the eluate, then the eluate was dialyzed
into 20 mM HEPES (pH7.5), 1M NaCl, 10mM BME overnight at 4C during tag cleavage. After
dialysis, the sample was applied to a 5ml Ni-NTA column to remove the cleaved tag and
SUMO protease, sized on a SuperDex column, then concentrated to 1-2mg/ml using 30k
MWCO Amicon spin columns (Millipore). Analytical SDS-PAGE gels followed by coomassie
staining were performed to confirm protein purity and visualized using a GelDoc XR
(BioRad).
Oligonucleotides were ordered from Integrated DNA Technologies. For Rep nicking
assays, oligonucleotides l

ATTO488 fluorophore (IDT) were
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-end-labelled
oligonucleotides were used. Reactions were incubated at 37C for the indicated times, in 20
ul reactions. The following buffer was used: 50 mM Potassium Acetate, 20 mM Tris-acetate,
100 µg/ml BSA, at pH 7.9, together with 1.5 ug of Rep and 5 pmol oligonucleotide per
reaction. Reactions were performed with either 10 mM Magnesium Acetate or 10mM EDTA
added as a negative control. Reactions were stopped with loading dye containing an excess
of EDTA. For cleavage and joining assays, 1ug proteinase K was added and reactions were
incubated at 50C for 30m prior to electrophoresis. Cleavage and joining assay products
were electrophoresed on TBE-Urea acrylamide gels, then visualized using a GelDoc XR
(BioRad). Covalent intermediate formation assays were electrophoresed on SDS-PAGE gels,
then visualized using a GelDoc XR (BioRad). Quantification and image analysis was
performed using ImageJ255.
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5.

A. DNA extracted from saliva samples collected from subjects in different countries was
subjected to redondovirus selective whole genome amplification, followed by qPCR. The
percentage of samples positive by qPCR for each country is shown on the y-axis.
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B. Phylogenetic tree of single genome-derived redondovirus Rep protein amino acid
sequences along with sequences from databases. Rep proteins from SGA genomes are
shown in purple while database redondovirus Reps are shown in black. Colored circles at
each node show branch likelihood as determined by the approximate likelihood ratio test.
Clades representing the two redondovirus species, Vientovirus and Brisavirus, are
delineated by gray boxes. A version of this phylogeny showing accession numbers is
included as Figure S5.1.
C. Global distribution of redondovirus species. The fraction of sequenced genomes in
each of the redondovirus species in a particular country is shown in the pie charts. The
number in parenthesis after the country name represents the total number of redondovirus
genomes sequenced from subjects in that country.
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A. Redondovirus-positive samples were subjected to limiting-dilution SGA and
sequencing. (A) shows a highlighter plot of genomic nucleotide sequences from each
subject. The x-axis represents the position in a multiple sequence alignment. Each gray
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horizontal line represents a sequenced redondoviral genome. Sequences are grouped by
subject, then by timepoint, shown to the left of the plot. Nucleotide positions in each isolate
that do not match the global consensus sequence are indicated by a red tick. Approximate
positions of redondovirus ORFs are displayed below the plot. The shapes to the right of the
plot indicate the sample type: endotracheal aspirate (ET) or oropharyngeal (OP). The
colored boxes indicate, from left to right: the redondovirus species to which each genome
belongs; the genotype (cluster at 99% genomic nucleotide sequence identity) to which each
sequence belongs; and the cluster (at 99% amino acid sequence identity) to which the Rep
and Cp proteins belong, respectively. For the last three columns, unique colors solely
indicate membership in a particular cluster, thus a legend is not shown for these.
B. Phylogenetic tree of genomic nucleotide sequences of SGA redondovirus genomes
sequenced from longitudinally sampled subjects, along with database sequences. Sequences
from subject 1 are shown in purple, sequences from subject 3 are green, and database
sequences are shown in black. Colored circles at each node indicate branch likelihood as
indicated by the approximate likelihood ratio test. Shaded boxes delineate the two
redondovirus species, Vientovirus and Brisavirus. A version of this phylogeny showing
accession numbers is included as Figure S5.3.
C. Schematic showing pairings between unique redondovirus Rep and Cp clusters. Each
cluster is indicated by a different color. The table to the right of the schematic indicates the
number of genomes sequenced at each timepoint belonging to each Cp-Rep pair.
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Plot showing the number of recombination breakpoints per 200-nt sliding window
across the redondovirus genome. The black ticks above the plot indicate observed
recombination breakpoints. The positions of the redondovirus open reading frames as well
as the stem loop sequence are shown above the plot. The black line indicates the count of
breakpoints per 200-nt sliding window. The dark and light gray shaded areas represent
local 95% and 99% confidence thresholds, respectively, for recombination hot and cold
spots. Recombination hotspots (areas with more recombinants than expected by chance)
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are shaded in red; recombination cold spots (areas with fewer recombination breakpoints
than expected by chance) are shown in blue.
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A. The top diagram shows a reaction schematic

-labelled

stem loop, producing a shorter labeled oligonucleotide. Below, representative TBE-Urea
acrylamide gels showing fluorescent products after reacting Vientovirus-FB Rep with the
labeled stem loop from Vientovirus-FB (middle) or Brisavirus-AA (bottom). The expected
products (unchanged or nicked) are shown to the left of the gel.
B. Quantification of replicates of the reaction performed in (A).
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5.
de novo-

A. The top diagram shows a schematic of Rep-DNA covalent intermediate formation.
-labelled oligonucleotide, forming a fluorescently-labelled protein-DNA
covalent complex. Below, the gel to the left shows reaction products electrophoresed on an
SDS-PAGE gel and visualized by fluorescence detection; the gel to the right shows purified
Rep visualized by coomassie staining. Locations of Rep and Rep-DNA are indicated on the
far left.
-labelled
oligonucleotide; then after two minutes, a chase with 100x molar excess of longer,
unlabeled substrate is performed. Rep joining activity

results in the production of a
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longer, fluorescently labelled oligonucleotide species. Below, the products of this reaction
were electrophoresed on a TBE-Urea acrylamide gel, then visualized by fluorescence
detection.
C. Schematic showing a potential model for Rep mediation of redondovirus rolling
circle replication and recombination. Replication begins with a circular ssDNA (top left),
followed by synthesis of the complementary strand by host enzymes. Nicking by Rep frees a
After the strand
bound to Rep has been fully displaced by action of the host DNA polymerase, Rep rejoins
(recombination initiation) or

(liberation of circular ssDNA genome).
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Phylogenetic tree of genomic nucleotide sequences from database and SGA
redondovirus genomes sequenced from African participants. Database redondovirus
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sequences are shown in black, sequences from African subjects are shown in purple.
Colored circles at each node indicate branch likelihood as indicated by the approximate
likelihood ratio test. Shaded boxes delineate the two redondovirus species, Vientovirus and
Brisavirus. This phylogeny is the same as in Figure 5.1B, except includes the accession
numbers instead of shapes.

123

124

A. This schematic outlines the process of limiting-dilution SGS. Samples are diluted
down the plate with replicate dilutions across rows of the plate, then SWGA and qPCR are
performed to identify positive wells.
B. This plot shows the number of reads from each limiting dilution SGS or bulk sample
for Subject 2 aligning to the four unique Rep sequences identified in that subject. Samples
that underwent limiting-dilution SGS are shown in green, and all of the SGS-derived reads
map to only a single Rep. The bulk-amplified sample is shown in purple, and reads from that
sample map to multiple Rep proteins.
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This plot shows the distribution of pairwise genomic nucleotide sequence identities
between within-subject genomes, or among database genomes. 99% sequence identity, our
inferred cutoff between redondovirus genotypes, is indicated by a red dashed line.
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Phylogenetic tree of genomic nucleotide sequences from database and SGA
redondovirus genomes sequenced from longitudinally sampled subjects. Database
redondovirus sequences are shown in black, sequences from subject 1 are shown in purple,
and sequences from subject 3 are green. Colored circles at each node indicate branch
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likelihood as indicated by the approximate likelihood ratio test. Shaded boxes delineate the
two redondovirus species, Vientovirus and Brisavirus. This phylogeny is similar to Figure
5.2B, except includes the accession numbers.
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Recombination region count matrix showing the frequency (top) and p-value (bottom)
of a recombination event separating any two nucleotide positions. In the top matrix, the
color intensity represents the number of times each pair of nucleotides was separated. The
bottom matrix shows nucleotide pairs that are most (red) and least (blue) frequently
separated. The positions of redondovirus ORFs are displayed between the matrices
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5.
N

qPCR
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Saliva
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Redondovirus detection in different locales and at different body sites from this and
other studies by qPCR.
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CHAPTER 6
DISCUSSION
Overall, the work described here outlines the discovery, prevalence, and evolutionary
mechanisms of the new viral family Redondoviridae and advances our knowledge of the
human respiratory virome. While next-generation sequencing has led to the discovery of
thousands of new CRESS viruses, little is known about their biology or roles in health and
disease3,5. This work defines the global prevalence and sequence diversity of
redondoviruses, describes their longitudinal persistence and disease associations in
humans, and demonstrates biochemical evidence for Rep-mediated replication and
recombination activities

. The knowledge presented in this thesis, as well as the

reagents and protocols developed here, establish a foundation for future research into
redondoviral biology and roles in human health and disease. Additionally, through the
development of open-source software like grabseqs and Sunbeam, the work described here
enables robust and extensible analysis of next-generation sequencing data and facilitates
data sharing and re-use.

SUNBEAM AND GRABSEQS: ENABLING REPRODUCIBLE AND
EXTENSIBLE ANALYSIS OF NGS DATA
In Chapters 2 and 3, we describe two computational tools, Sunbeam and grabseqs,
which facilitate reproducible and extensible analysis and re-use of NGS data. Grabseqs
simplifies access to NGS data and metadata from three repositories

SRA, MG-RAST, and

iMicrobe29,31,72. While software tools such as sra-tools and pysradb are capable of accessing
131

data or metadata from single repositories31,73, grabseqs is unique in that it provides access
to data and metadata from multiple repositories in a standardized format. Secondary
analysis of publicly available NGS data is a powerful tool for discovering new organisms67,68,
understanding cellular biology70, discovering new molecules and enzymatic reactions useful
for biotechnology applications256, benchmarking new computational techniques13,24, and
much more. Simple access to reusable public data with metadata is important in other fields
as well

the ReDU framework allows for searching and easy re-use of public mass

spectrometry data257,258.
The Sunbeam pipeline performs multiple processing and analysis steps that are
commonly performed when analyzing data from a variety of NGS experiments including
quality control, host read removal, contig assembly, and read classification. Sunbeam has
been used in multiple studies to analyze data from diverse types of sequencing experiments,
including studies characterizing the bacterial microbiome and virome16,259,260 and
assembling bacterial and viral genomes62,261

263,

which underscores

versatility. A number of other pipelines exist that offer a subset of the features of Sunbeam.
For example, pipelines such as ATLAS, MG-RAST, and SURPI allow for modular data analysis
using custom, user-specified steps and parameters27,29,30. Like Sunbeam, ATLAS also uses a
Snakemake-based approach to ensure modularity and enable smooth restarts after
crashes30,60. However, the extension framework available within Sunbeam sets it apart from
other shotgun metagenomic sequencing pipelines.
Extensions allow users to run custom analyses reproducibly. As extensions are
dynamically included and run within the pipeline, Sunbeam extensions gain the benefits of
robustness and reproducibility provided by the pipeline as a whole. As a case study in the
usefulness of extensible pipelines, QIIME2, a pipeline widely used for analyzing 16S
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amplicon sequencing experiments, can be run with community-sourced plugins, which link
directly into the analysis pipeline, similar to Sunbeam extensions264. While extensions
enable the inclusion of custom analysis steps in the Sunbeam pipeline, they can also be used
to re-run published analyses. We demonstrated the use of Sunbeam extensions to
reproduce results from three studies, generating finalized figures starting from from raw
data entirely within the extension. As grabseqs is included in the Sunbeam pipeline, users
are not required to independently download the raw sequence data so long as the data are
archived in a repository accessible to grabseqs. The ease of reproducing published analyses
using Sunbeam extensions represents a substantial boon to reproducing and building upon
published results.

DISCOVERY AND INITIAL CHARACTERIZATION OF
REDONDOVIRIDAE
Chapter 4 describes the discovery of the

family and initial studies of

their prevalence in different organisms and body sites, as well as associations with clinical
conditions in humans. We discovered redondoviruses due to a slight similarity between a
redondoviral genome and porcine stool-associated circular virus-5 (PoSCV-5)180, a database
CRESS virus. Reads from a small portion of the redondovirus genome aligned to a region of
the PoSCV-5 genome, alerting us to the potential presence of a divergent virus. This led us to
identify the first redondoviral genome. As most reads in virome sequencing studies cannot
be annotated by alignment to sequence databases1,2, the presence of undiscovered viruses
but what can we do to shed light on reads that
cannot be annotated? Recent efforts to annotate this viral dark matter beyond nucleotide
and protein sequence similarity searches have employed a variety of methods including
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identification of conserved functional domains through hidden Markov models and using
deep learning to identify viral structural proteins1,5,67,265. Approaches such as these are
necessary to identify the many divergent viruses with no similarity to database genome
sequences present in samples.
In our screens of metagenomic datasets, redondoviruses were exclusively identified in
humans, and mostly identified in the oro-respiratory tract. This tropism contrasts with that
of anelloviruses, another circular, single-stranded DNA virus group that commonly
colonizes humans anelloviruses are found in nearly all human body sites58,104,128,250.
Anelloviruses likely infect immune cells, although the extent of their tropism is not
known128,193,266. Thus, given their presence in different body sites, redondoviruses likely
infect a different cell type(s) than anelloviruses. Anellovirus levels have been shown to vary
in certain clinical conditions58,128, although there is no known causal role for anelloviruses
in human disease. We identified elevated redondovirus levels in subjects with periodontitis
and critical illness, although redondovirus prevalence in healthy subjects is similar
compared to ill subjects. Further research is required to determine whether elevated
redondovirus levels are a cause or consequence of disease. Redondoviruses were the
second most commonly identified eukaryotic DNA virus in human respiratory samples,
after anelloviruses; taken together with the prevalence data presented in Chapter 5, this
data suggests that redondoviruses are fairly common in the human population.

FUTURE DIRECTION: QUERYING ROLES FOR REDONDOVIRUSES IN
DISEASE
Using metagenomic data from three separate studies196,197,199, we identified elevated
redondovirus read counts in periodontal disease. Using qPCR, we also identified higher
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levels of redondovirus DNA in critically ill patients compared to healthy controls, although
redondovirus prevalence was similar in both cohorts. Additionally, a recent study of
respiratory samples from hospital patients found higher redondovirus levels in patients
with severe illness229. Thus it is clear that redondoviruses are associated with clinical
conditions in humans, but it is unknown whether redondoviruses cause human disease, or
are simply advantageous passengers.
Determining whether a microorganism causes a specific disease is not always easy,
e
employed to causally link microorganisms to disease states 267
require a microbe to 1) be present in all cases of the studied disease, 2) not be present in
other diseases or healthy individuals, and 3) able to be isolated in pure culture and cause
disease upon re-

stringent but useful for thinking about

causality in infectious dise
particular types of pathogens and pathogenic mechanisms

for example, many organisms

such as opportunistic pathogens can cause disease in some contexts but be benign in others.
Additionally, viruses cannot be grown in pure culture as they require host cell machinery to
proliferate. Even if passaging in cell culture is employed as a substitute for pure culture,
many viruses and other microorganisms have not been successfully cultured. For organisms
discovered through sequencing, years or decades of work may be required to identify
suitable culture systems or model organisms. For example, while the hepatitis C virus was
known for years to cause human disease, it took over a decade and a half of research before
a cell culture system was developed268.
To address these shortcomings, Fredricks and Relman proposed a set of molecular
guidelines to establish causation in microbial diseases, building on work by Koch and others
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to propose guidelines for uncultured microorganisms269. Briefly, the proposed postulates
state that: 1) the nucleic acid sequences of the putative pathogen should be present in most
disease cases; 2) pathogen-associated sequences should be less abundant or absent in
healthy individuals; 3) disease resolution should be associated with reduced microbial
sequence abundance; 4) sequence detection before development of disease increases the
likelihood of causality; 5) a role in disease is more likely if related microorganisms are
involved in similar disease processes; 6) sequences for the potential pathogen are identified
proximal to diseased sites; and 7) any evidence for causation based on microbial sequences
is readily reproducible. In the case of periodontitis, redondoviruses fulfill some, but not all,
of these criteria levels are elevated in disease states compared to non-disease states;
levels decrease upon disease resolution; redondoviral sequences were isolated from saliva
samples; and these observations have been reproduced across multiple studies.
Redondoviruses are certainly not the only cause of periodontitis
bacteria, and other viruses have been well-established205

209.

roles for oral hygiene,

Prospective studies

interrogating longitudinal redondovirus presence and abundance in populations at risk of
developing periodontitis will be crucial in defining whether redondovirus may contribute to

Similar studies can be performed to better define whether redondoviruses contribute to
critical illness, or whether critically ill states simply provide an environment conducive to
increased redondoviral replication or reduced clearance.

REDONDOVIRUS DIVERSI TY AND EVOLUTION ON GLOBAL,
INTRAPERSONAL, AND MOLECULAR SCALES
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In Chapter 6, we demonstrate that both redondovirus species are present globally and
that redondoviruses are highly prevalent in saliva samples from individuals in four
industrializing African countries with rural populations that have traditional subsistence
practices. The overall prevalence in African saliva samples was 70%, whereas only 8% of
saliva samples from US individuals were positive. Previous estimates of redondovirus
prevalence by qPCR in respiratory samples from the US, Spain, and Italy range from 215%62,63,229, closely mirroring our US saliva cohort. The reason for elevated redondovirus
prevalence in saliva from healthy African subjects is not clear. Lifestyle or geographic
differences, host genetics, or other factors may contribute in whole or part to the trend
identified here, and further study is warranted to identify potential explanations for this
phenomenon. Additional qPCR screens to determine redondovirus prevalence in other
populations and countries across a spectrum of industrialization would likely facilitate
hypothesis development in this area.
Through longitudinal sequencing of single redondoviral genomes, we followed
redondovirus populations in respiratory samples from two critically ill individuals for
weeks to years. We identified diverse genotypes and multiple species of redondovirus
present at the same timepoint within individuals. Additionally, we identified persistence of
some redondoviral genomes across time in one subject, we identified the same
redondoviral genotype after two years. While we were unable to determine a mechanism
for this persistence, both of these observations parallel the persistent colonization of
humans by diverse anelloviruses58,59,104 and suggest that redondoviruses may be persistent
members of the human virome.
Through analysis of the single genome sequencing data as well as other redondoviral
genome sequences, we hypothesized that redondoviruses recombine frequently, and
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identified recombination hotspots in intergenic regions, especially near the conserved
genomic stem loop. Recombination is an evolutionary mechanism common in some CRESS
virus families184

186,237,270,271.

Since the highest concentration of recombination breakpoints

was located near the genomic stem loop, and the stem loop is cleaved by Rep in other CRESS
viruses51,52,272, we hypothesized that Rep facilitates redondoviral recombination. Using
vitro assays, we demonstrate that redondovirus Rep nicks the genomic stem loop in a
strand-specific and magnesium-dependent fashion. We show that Rep forms a covalent
protein-DNA intermediate. We also demonstrate that Rep is able to join a covalently-bound
DNA fragment to a newly-introduced DNA end. These functions are consistent with a role
for Rep in recombination and are likely also important for redondoviral replication in
general

Rep proteins in general are multifunctional and perform multiple activities during

viral repliction41,49,52.

FUTURE DIRECTION: REDONDOVIRUS CELL CULTURE &
STUDIES
Establishing a cell culture system is a major goal for the study of redondoviruses and
generally for the field of virus discovery through metagenomic sequencing. While we have
demonstrated multiple activities of Rep relevant to the redondoviral replication cycle,
propagation of redondoviruses in cell culture would permit detailed characterization of the
redondovirus replication cycle that cannot be interrogated

, such as cell cycle

dependence and specific roles for host enzymes in viral replication. Recombination between
redondoviral genotypes could also be demonstrated in culture. Identification of cell types
permissive for redondovirus replication could inform mechanistic studies of redondovirusmediated disease. Additionally, production of large quantities of redondovirus virions in
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culture could be used to identify permissive animal models for redondovirus infection,
important for demonstrating causality in disease associations. Production of redondovirus
virions would also enable a variety of other investigations, for example, ultrastructural
studies of virions by cryo-electron microscopy.
Identifying a cell type permissive for redondovirus replication has not been an easy
task. While other CRESS viruses can be launched after transfection of circular, doublestranded genomic DNA into cultured cells247,273,274, transfection of redondoviral genomes
into a variety of cell lines has thus far not yielded signals of viral replication or cytopathic
effects. Some small DNA viruses require coinfection with a large DNA virus to replicate
while we did not identify significant co-occurrence between redondoviruses and any large
DNA viruses in our screens of metagenomic data, we cannot rule out the possibility that
redondoviruses require coinfection with a large DNA virus to replicate. We are currently
investigating other methods to kick-start viral replication including overexpression of Rep
or other viral proteins transfected with viral genomic DNA, and continuing to screen
additional cell lines. A promising strategy for identifying candidate cell lines would be to
perform

hybridization in conjunction with antibody staining for cell-type markers in

tissue samples from redondovirus-positive subjects
where redondoviruses are replicating

this approach could demonstrate

and focus our efforts towards particular cell

lines. Establishing a redondovirus cell culture system would enable a great deal of future
investigation into redondovirus biology and is a major immediate goal for the field.

CONCLUDING REMARKS
This thesis describes the discovery and initial characterization of Redondoviridae, a
new family of small, circular DNA viruses. Redondoviruses are present in a substantial
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fraction of the human population, but until recently have remained unnoticed. Now,
whether they are pathogenic, benign, or beneficial, the role of redondoviruses in human
health can be explored. The approaches and techniques developed here can inform future
viral discovery efforts, guiding investigators beyond simply reporting novel sequences to
detailed investigations into viral biology. Finally, the software presented here used to
discover and characterize the Redondoviridae family can be used by others to continue
discovering new viruses in the dark matter of the virome and will facilitate robust,
reproducible, and extensible analysis of metagenomic data in general.
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